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PREFACK 



Almost every reader of the newspapers has heard of the Steam Turbine, and 
is often led to talk glibly of the wonderfid results achieved thereby in Marine 
propulsion and Electrical generation, but it is doubtful whether many, even 
among engineers, clearly grasp the broad principles underlying the design and 
the factors which limit the possible performance of this type of prime mover. 

Our knowledge of the properties of steam has made great advances, but 
the mass of research work on this subject has been performed in view of the 
ultimate application of the results to the reciprocating engine. During the 
last few years, however, research has been extended towards turbine phenomena, 
and has elicited novel information, but up to the present most of it is qualita- 
tive rather than quantitative. 

Many fundamental propositions applicable to the water turbine are not 
so to the steam turbine, except by reservations of a practical nature differing 
vastly from those of the former case. And although hydro-dynamic theory 
and practice have been carefully worked out and applied to the water turbine, 
it cannot yet be said that a similar harmony exists in the case of the steam 
turbine — indeed, the mechanical obstacles are extremely formidable. 

In this volume an attempt is made not only to present the well-known 
fundamental principles in a concise and connected way, but in a way which 
will enable direct application to be made to the steam turbine problem. 

Further, to enable the reader to acquire the correct point of view, 
niunerous arithmetical examples are given, exhibiting the way in which the 
formulse may be manipulated. 

The descriptive matter, which is arranged as far as practicable as a com- 
mentary upon the theory^ has been curtailed to a minimum, but it is given 
sufficiently fully to afford an idea of the present development and probable 
future progress of steam turbine design and manufacture. 

More or less novel treatment of the subjects of leakage, governing, etc. are 
presented, and also the results of some hitherto unpublished researches on the 
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VI PREFACE. 

impact of and flow of steam through buckets, and the erosion of metallio 
surfaces by high velocity steam. 

Several subjects, such as applied thermometry and the specific heat of 
superheated steam, which may appear at first glance to be extraneous matter, 
have been embodied in the book principally because lack of attention to these 
points has made so many test results conflicting and misleading. 

The book will at any rate serve a useful purpose if some who read it are 
prevented from wasting their time and ingenuity in devising Steam Turbines 
which are theoretically impossible or (more probably) mechanically imprac- 
ticable, and if others are assisted to form a sound judgment of the Steam 
Turbine problem, unswayed by the omissions and exaggerations of advertise- 
ments or the enthusiasm of fashion. 

I acknowledge my indebtedness to the various technical journals for much 
information of a general character; also to the Editors of Engineering for 
permission to reproduce several blocks and diagrams ; to the Councils of the 
Institution of Civil Engineers and the Institution of Engineers and Ship- 
builders in Scotland for various technical information. Other acknowledg- 
ments are made in the text. My thanks are also due to my friend 
Mr Beginald Morcom, M.A., for kindly reading the proofs, and to my 
publishers for their help and for many suggestions. 

ALEXANDER JUDK 

BlEMIKGHAM, JUM 1906. 
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THE THEORY OF 

THE STEAM TURBINE. 



CHAPTER I. 
FUNDAMENTAL. 

O0NTXNT8:— Introductory — Definition of Torbines — Theorems — Bemonilli's Theorem— 
' Cloead ' Buckets and Passages — General Gases of Steam Action in Turbines— Summary. 

INTRODUCTORY.— The theory of the steam turbine is like that of 
the hydraulic turbine in being based upon much laboriously acquired detail 
relating to various physical phenomena, but, as might be expected, differs 
from it in many important respects. 

The practical application of theory, however, becomes quite unmanageable 
through unnecessary refinements if worked out from first principles, and it 
has been found essential in both cases to make empirical, or even arbitrary, 
assumptions to simplify the calculations. 

On the other hand, in comparing the theoretical treatment of the steam 
turbine and the reciprocating engine, it has often been claimed that the 
former is much more straightforward and susceptible of more concise mathe- 
matical analysis than the latter. 

This is not really the case. If the theories are pushed to their ultimate 
and more transcendental conclusions there is nothing to choose between them 
either in the number of 'missing quantities' or the intangibility of the 
equations. 

In both, there are many abstruse physical points still to be determined, 
affording a large field for experimental research. 

Doubtless the workers in this field will gradually perfect their investiga- 
tions, and the deductions therefrom will fall into line with the broadly 
accepted theories, and relieve practice from the thrall of empiricism. 

Thus, more accurate knowledge as to the dissipation of energy by eddy 
currents will in time explain the inner meaning of various coefiicients without 
affecting the fundamental theories in which they are used. 

In the following pages an endeavour has been made to adhere to simple 
physical and geometrical laws as a basis, and to explain cases where the 
actual phenomena involved and the elementary treatment adopted appear to 
be at variance. Numerous ooefi&cient values are also given, derived, for the 
most part, from experimental observation and practice. 

1 
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2 THB THEORY OP THB STKAM TURBINE. 

It may be well to recall, at the outset, certain fundamental principles 
underlying the theory of turbines ; but, to begin with, it will be advisable to 
frame a definition of what is meant by a turbine. 

DEFINITION OF A TURBINE.— ii turbine is apHme mover in 
which gradual changes in the momentum of a fluid are utilised to produce 
rotation of the mobile members. 

It will be seen from the foregoing that, given a quantity of fluid — steam, 
for instance — flowing with a velocity such that its kinetic energy is of appreci- 
able magnitude, the problem is to determine how the change of momentum 
can be effected, and the general form of the mechanism required. 

The measure of the kinetic energy of a body, solid, liquid, or gaseous, is 

given by the expression — — , when M is the mass passing in a unit of time 
2 

(the second) and v the velocity per unit of time (feet per second). 

The momentum of a body is given by the expression Mv. 

In order to fulfil the requirements of the above definition, the only 
method suitable in practice for communicating the energy of the fluid to the 
rotor parts is to occasion a change in the velocity of the fluid. It is to be 
particularly noted in this connection, that pressure action plasrs no part 
in the operations. Any rotary machine involving action resulting from 
pressure is a rotary engine, — a mechanism entirely distinct from the class now 
under consideration. 

It will be necessary at times to assume that the machine is efficient, or 
that, in other words, the change in the momentum of the actuating fluid is 
produced without wasteful internal resistance, such as is produced by friction 
or eddy currents, and that the final absolute velocity of the fluid is reduced 
to a minimum. 

For ultimate mathematical demonstration of the theorems which follow, 
the reader is referred to standard works on hydraulics or hydro-mechanics. 
The accompanying demonstrations will, however, be found sufficient for the 
purposes in view; and, while much which follows is doubtless familiar, a 
renewed acquaintance is nevertheless recommended, inasmuch as it may be 
the means of suggesting new ideas, and has, in any case, an important bearing 
upon the problems discussed in subsequent sections. 

THEOREM I. — A jet of fluid impinging at right angles on an infinite 
plane surface. 

Let W be the weight of fluid passing per second, v^ be the velocity of 
the jet in feet per second, and v the velocity of the plane in feet per second 
in the direction of the jet. 

Then, if the plane be practically smooth so as not to cause splashing, the 
fluid will be deflected along the plane uniformly in all directions, whether 
the plane move or be at rest. It is further necessary, to satisfy the require- 
ment as to maximum efficiency, that the jet shall be free from internal 
disturbance, as, for example, in the jet produced by the * anti-splash ' nozzle 
commonly fitted to domestic water-taps. 

(a) When the plane is at rest, the momentum of the jet destroyed in a 

time t is — ^ ^, and the impulse given to the plane in the same time is P^, 

9 
where P is the total normal resultant pressure on the plane. 

Wo 
Therefore P= il?i (1) 
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FUNDAMENTAL. 



(&) Suppose the plane to move with a velocity v represented by AC, Fig. 1. 
Let AB = Wj the velocity of the jet. 

Then CB « v^ , the velocity of the jet relative to the plane, or the velocity 
with which the jet strikes the plane. 

The pressure on the plane is therefore 



p=|(r,-r) 



(2) 



As before, the jet is deflected along the plane, so that it flows off in all 
directions with a velocity v^-v relative to the plane. Draw CD = CB parallel 
to the plane. Then AD is the absolute velocity relative to the earth, or to 
the jet-producing apparatus with which the stream flows away. 



W 
The work done per second is ~ (v^^ - v^) 



Nov? 



v^* = {v^-vf + v^. 



(3) 




Fio. 1. 



Therefore the work done also equals 

v(v^-v) 



(3) 



This is an impoitant form of the expression, and its nature should be 
well noted. 

The dias^am efficiency of the operation is then 



•"4* 






or ^i3z:F) 



(5) 



The velocity of the plane that gives maximum efficiency is 

in which case V^'i 

The term * diagram efficiency ' has been used here to distinguish this kind 
of efficiency from numerous other efficiencies that occur in the application of 
various physical laws {f.g. the efficiency mentioned in the following statement), 
and may be obtained entirely from geometrical considerations. 

For a steam jet the maximum practical or physical efficiency 
of the impact corresponding to (i) appears to be about 82 per cent., 
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THE THEORY OF THE STEAM TURBINE. 



that is, P is only realised to the extent of 82 per cent. The diagram 

efficiency (5) will be reduced in practice a corresponding amount. 

In a practical determination of this coefficient, it is necessary to use a 

complete reflection of the jet, as in Fig. 2. 

Under the most favourable conditions there is 

always a certain amount of splashing, so that if a 

simple plane be employed, according to Fig. 1, the 

apparent efficiency is too high. By providing the 

double deflection, all particles of the jet have the 

opportunity to emerge in the same direction. 

The degree of efficiency greatly depends upon the 

ratio of the surface of B to the area A of the impinging 

jet. The coefficient given above is an approximate 

maximum for this general case, and occurs when the 

surface B is as nearly a minimum as possible. 

Wv 
For the double deflection P is, of course, equal to 2 1 x practical 

efficiency. ^ 

THEOREM II. — Jet 0/ fluid impinging oldiquely on an infinite plane 
surface, 

(a) Plane at rest. 

Let B be the angle which the jet makes with the plane (Fig. 3). 



Fio. 2. 




Then, as the fluid spreads in all directions — although not uniformly— the 
momentum destroyed by the plane in the direction of the jet is the same for 
any inclination of the plane, and the pressure normal to the plane is therefore 



P = — ^ sm B 



. (6) 



{h) Suppose the plane to move with a velocity v represented by A C. 
Then CB = v^ is the velocity of the jet relative to the plane. 
Let ^ be the angle A C makes with the plane, as in Fig. 3. 
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FUNDAMENTAL. 5 

Let be the angle v^ makes with the plane. Then the pressure normal 

to the plane is vJ^m^^ff . . . . (7) 

9 

Resolving along and at right angles to A C, the pressure in the direction 
of motion is P = — ? sin ^ sin ^ (8) 



E = — 2- sm ff sm if> 
9 



The work done is 

Draw C G ± to the plane, and G H ± to t?. 

Then 



(9) 



E = ^CH 



9 
So that when 0' = O (i.e. tangential entry) the work done = 0, as is obvious. 




Fio. 4. 



The diagram efficiency is 17= 



Fio. 5. 



2t;CH 



A machine propelled in the manner typified by the above two theorems 
is not recognised as a turbine, but is called an impact machine. The 
momentum is not gradually changed in a practical sense, but suddenly. The 
theorems involved have, however, a very important bearing on turbine 
problems. 

THEOREM III. — Jet of fluid impinging an a surface that deflects the 
jet whoUy through a given angle. 

This refers to any of the figures 4, 5, 6, 7. 

(a) Let the surface be at rest. 



Then 



P = ^i(l+oos^). 
9 



(10) 



In cases (typified by Figs. 6 and 7) where the surface is in the form of 
a channel wide enough to receive the jet without spilling or shock on the 
side walls of the channel, it is necessary, if the whole of the stream is to be 
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deflected at the angle 0, that the jet shall be received by the surface 
tangentiallj as shown. 

For, suppose this is not the case. Then a certain portion of the jet, 
depending upon the width of the channel, will be deflected up the sides of 
the channels and will spurt out, as in Fig. 8. 




Fig. 6. 



Fio. 7. 




^lw.mi^ 



Fig. 8. 



This quantity is, in general, quite indeterminate. It is possible, but 
highly imprc/bable, that, with a certain width of channel, angle, and velocity 

of impact, the total pressure may be greater than 
P (10), but the determination is purely experi- 
mental, and peculiar to the actual conditions. As 
a rough estimation, the maximum pressure for 
normal impact cannot exceed 

^l(l+iC06^) 

9 
For a steam jet the practical efficiency 
of the process represented by Fig^s. 6, 7, 
and by (lo) has been proved to be as high 
as 98 per cent, but by Fig. 5 only about 88 per cent, on account 
of the greater surface involved. 

(b) Let the surface move with a velocity v parallel to the jet. This is 
the only useful movement for Figs. 5, 6 and 7, because the condition of 
tangential impact or entry is essential. For any other movement it is 
necessary that the jet be supplied from a succession of sources, or to a 
succession of buckets corresponding with the lateral movement. This, in 
effect, is what is done in the actual turbine. 

The pressure in the direction of motion is therefore 

P=W(!!LZ^(l+cofltf) . . . 
The work done is 

E = W?!(?iZi:)(l+coefl) . . . 
9 
The diagram eiiidency ia 

,-??:<V^(i+coBtf) . . . 



(11) 



(12) 



(13) 
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FUNDAMENTAL. 7 

Maximum efficiency occurs when $=0 (i.e, complete reflection), and when 
which case 1;= 1. 
the ideal case of the ' Pelton wheel.' 

The hig^hest practical efficiency yet recorded with steam for 
process (13) appears to be about 75 per cent x v Compared with 
the efficiency of (10), it is evident that the motion leads to disturbances and 
further losses. 

A machine propelled in the manner typified by theorem III. is a turbine, 
although to Fig. 4 the machine would be partly an impact wheel and partly 
a turbine combined. 

In each of the foregoing cases of theorem III. the impulses given to 
the surfaces may be classified thus : — 

(a) The impulse derived from the normal impact, or shock. In Fig. 4 

W 

this is — (t?! - v). In Figs. 5, 6, 7 it is 0. 

(b) The direct impulse derived from deflection as far as at right angles 

to the direction of motion. In Fig. 4 this is 0. In Figs. 5, 6, 7 it is 

(c) The reactive impulse derived from the reflection. This is 

W 

— (t?, - v) cos ^ for all four figures. 

g 

The distinction drawn between these three operations is merely a matter of 
convenience. The radical process is pre- 
cisely the same, and all three may have 
the same algebraical expressions. On 
this accoimt many writers do not make 
any distinctions. But the division into 
classes has an important practical signi- 
ficance ; for instance (a) does not occur 
in a turbine except when that machine ^°' ^* 

is working as it ought not to work. 

THEOREM IV. BERNOUILLFS THEOREM.— This theorem 
(originally applied to hydraulics) is simply an expression of the principle of 
the conservation of energy. 

Let AB (Fig. 9) be a pipe-like passage of any form whatever, but with 
'easy' lines, so that the fluid has ample opportunity to completely fill the 
passage at all points. 

The total energy of the fluid plus any external work that may be done is 
the same at all sections. 

At A, B let the pressure of the fluid be p^, p^ respectively. 

„ „ head with reference to some fixed horizontal plane or some 

suitable datum be h-^, h^ respectively. 
„ „ velocity of the fluid be v^^ v^ „ 

„ „ specific volume „ ^v ^2 » 

„ „ internal energy „ I, Ij n 

All quantities must be in similar units, feet and lbs. 

Then ^+i>ivi + j- + lj-;i2 +^2^2 + ^+12 .... (14) 




For water, I^ and I^ are negligible. 
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For steam, h^ and h^ are negligible, but I^ and I2 vary with the pressure, 
dryness, etc. 

The formula may be extended by introducing factors for internal losses or 
changes other than I, but in any case the sum of the energies — potential, 
kinetic, internal, and pressure energies — is constant whatever yalues and 
nature they may individually assume. 

'CLOSED' BUCKETS AND PASSAGES. — It has been 
explained that in any open bucket or channel where the whole motion of the 
fluid is required to be parallel to one plane, tangential entry is necessary if 
spilling is to be avoided. 

After tangential reception of the fluid in the bucket, the subsequent 
curvature of the surface will gradually increase the width of the stream if 
the latter be not retained by the side walls. If the width of the channel is 
just sufficient to receive the jet, there will therefore be a tendency for the 
stream to rise up the side walls as it approaches the outlet end of the bucket, 
with the consequent tendency for the stream to become disintegrated or dis- 
turbed from a condition of uniform flow towards the latter end of its progress. 

With a perfectly 'closed' bucket system such as indicated in Figs. 10 
and 10a the above objection still holds, but in a somewhat disguised manner. 




Fig. 10. 



Fig. 10a. 



Suppose a jet or stream of water to be passing through the closed 
passage a which has the relative inclination ^ to the passage h\ that is, the 
passage h may be still or moving so long as the relative angle be considered, 
in which geometrical sense both passages are relatively still. 

When ^ = 0, the entry is tangential. When not tangential, draw cd and 
ef at right angles to the respective passages. Then it is obvious that there 
will, except for a large divergence, be a gradual change of section from that 
of passage a to that of passage &, together with a general change in the 
direction of motion of the fluid as represented by the centre line. The 
change of area not being, strictly speaking, sudden, there is Httle or no loss of 
energy (total head) from this cause, and Bemouilli's theorem for steady flow 
would apply. 

On the other hand, the oblique impact causes a tendency for the stream 
to spread in all directions on the surface of impact, and the backward 
deflections rr oppose the incoming stream to a degree depending on the 
obliquity of the impact, thus reducing the efiective kinetic energy of the 
stream at entry. 

With a system of water passages more or less of the type above illustrated, 
there will therefore be a tendency for the pressure-head within the passage h 
to be different from that of the stream at c d. In general the nett efficiency 
will be less, either from what is equivalent to a choking-up, or to the presence 
of a pressure-head higher than that of the atmosphere in the latter portion of 
the passage &, with the consequent breaking up of the steady flow. 
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Further, as the water progresses through the curved part of the passage 

b, the side portions of the stream will endeavour to spread, and will be 

repelled from the concave or working face up the side walls to impinge on 

the convex or non-working face. Spurious impulses are thus produced which 

are mostly mutually balanced. 

But the passage is supposed to be completely filled, and repulsion itself 

cannot occur to any great extent. The tendency to this will nevertheless set 

up an internal disturbance which, with the friction that necessarily occurs in 

practice, will result in eddy currents, and a more or less broken-up discharge. 

In the water turbine of the so-called impulse variety, where there is intended 

to be no change of pressure-head in the moving passage &, the water is often 

deliberately kept from contact (except for the side 

reflected portions) with the back or non-working face 

by the provision of 'ventilating' holes in the side 

walls, Fig. 1 1, which open the interior of the passage 

to atmospheric pressure. 

Such a provision practically converts the * closed ' 

bucket into an ' open ' bucket. 

The losses of efficiency by non-tangential entiy in the water turbine need 

not be further discussed, for it is at this point that the steam turbine and 

water turbine part company — ^mainly for the following reason. 

Water flowing in a passage that contracts by easy lines has its pressure 

lowered while its velocity proportionately increases, since the density remains 

constant. With steam, however, a contraction of area is equally adaptable to 

an increase of pressure as to a decrease ; and, conversely, an expanding passage 

is equally adaptable. The velocities 

generated or suppressed are dependent 

on the change of density or of thermal 

conditions that accompany the drop or 

rise of pressure. 

The consideration of the variations 

in efficiency, due to the non-tangential 

entry of steam into a closed passage, 

cannot therefore be dealt with until 

the properties of kinetic steam have 

been determined (Chapter III.). With 

an accurately formed turbine supplied 

with steam under the pre-arranged 

conditions, non- tangential entry only 

occurs when governing by throttling is adopted. The discussion of such 

cases is given in Chapter VI. 

THEOREM V. — General ease of * reaction * of steam Jet issuing from 

a closed chamber. 

Steam is supplied to the chamber 6 by an elastic frictionless connection or 

its equivalent, and issues from the nozzle or orifice with a velocity Vy The 

impulse given to the chamber is the same as the change of momentum of the 

Wv 
jet, and therefore, as in the case of impact, P « — i when the chamber is at 

9 
rest. Fig. 12. 

In the above theorem, the impulsive effect given to the chamber is 

commonly described as due to the * reaction ' of the jet. It is obvious that 

in the practical application of this theorem the chamber c must rotate, the 
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steam being supplied through some stuffing-box arrangement at the centre of 
the shaft or its equivalent. 

A machine propelled in the manner typified by this theorem is considered 
to be a turbine. 

In general, the generation of the velocity of the steam is rather sudden, 
particularly when it is the only means of propulsion and the head of pressure 
is great. In this case the machine, as made, is called a * reaction wheel.' 

In cases where this kind of reaction is mixed with a deflection impulse 

(theorem III.), particularly in compoimd turbines, the generation of velocity 

is comparatively gradual. 

Wv 
The expression P = — ^ is true for a stationary chamber, but when the 

chamber moves, the similar relations do not hold unless the velocity of 
the chamber be comparatively small. 

^ The rotation of the steam within the 

chamber, set up by frictional contact with the 
walls, will itself create an additional pressure, 
due to centrifugal force. 

In the case of the water turbine: Let v 
be the peripheral or nozzle velocity of the 
chamber (Fig. 13) and H be the original head. 
Then the additional head at the nozzle and 

created by the centrifugal force is — , and the 

total head at the nozzle is H' = H + — =» ^7-, 

2g 2g 

Fio. 13. which is the velocity the issuing jet is capable 

of having relatively to the moving orifice. 

The final absolute velocity is obviously v' - v. 

The work done is therefore H - ^ 7 ^ = -^ — ^s 

2r7 g 

and the efficiency = -^^ or \^ -- f^) 
^ v+v gU 

In the case where an elastic fluid is used, the centrifugal pressure varies 

according to a different law, and is not equal to — (see Chapter III., p. 48). 

2g 

Let H be the original head corresponding to the initial pressure ; v the 
velocity of the nozzle ; and H^ the head corresponding to the total pressure at 
the peripheiy. 

Then the nozzle velocity of the issuing gas or steam is 2gli^ = «'*. 

As before, the final absolute velocity of the steam is v' - 1;. 

The work done is H - ^ ^ ' 

- 2g .... 

V ' 

where H = -i- , Vj thus corresponding to o^ of the previous theorems. 
2g 

The efficiency ^ V-(^^-^)^ (16) 




(15) 



""i 
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Confusion frequently arises on account of the terms ' impulse ' (sometimes 
called ' action ') and ' reaction ' as descriptivel j applied to turbines, not fully 
expressing the particular methods by which propulsion is effected. There are 
two expressions in common use, ' impulse turbine ' and * reaction turbine.' It 
will here be convenient to state the sense in which these terms and expressions 
are used in the following pages. 

The term ' impulse turbine ' will be used to describe a turbine employing 
the deflection and reflection impulse effects of III. (b) and (c). The term 
'action' will not be used, but the term * reflection' will be adopted, as 
necessary, to describe the impulse effect of III. (c). 

This impulse has sometimes been called ' reaction,' but the use of the word 

'reflection' will prevent confusion with the reaction of V. For 

although these operations may radically amount to the same thing 

there is an important characteristic difference between the reaction of 

III. (c) and the reaction of V. In the latter the velocity is created 

wholly in or about the orifice, and there is a difference of fluid 

pressure between one end of the orifice or passage (which may be 

moving) and the other. But in the former, IIL (c), there is no 

difference of fluid pressure, and the velocity (kinetic energy) is 

conveyed to the orifice or passage from an external source. 

The term 'reaction' will be applied only to such reaction as is described in V. 

The proper interpretation of the term ' reaction ' has been a fruitful cause 

of dispute, and appears to be an evergreen subject for discussion. It 

does not seem possible to give an exact definition of this unfortunate 

word that will satisfy all critics, and it therefore seems advisable to 

define the sense adopted in this treatise. 

All the so-called impulse turbines are, as has been mentioned, deflection 

and reflection impulse (or, in the discarded sense, ' impulse-with-reaotion ') 

turbines. The so-called 'reaction turbines' of to-day are simply 'impulse- 

with-reaction turbines ' in the sense of III. (a) for the impulse and V. for the 

reaction. The two types, as thus indirectly defined, will at once be seen to 

possess characteristic differences, which will become more apparent to the 

reader after the general case which follows has been described. 

The term ' impact ' always implies a normal component with the inherent 
inefficiency of a shock. Such action is to be avoided in the steam turbine, and 
is characteristic of the primitive impact wheels. 

General case of the action of a fluid as applied in tJie turbine with ' closed ' 
Jmekets or passages, 

NoTB. — Hereafter, buckets and such-like equivalent terms will be referred 
to as vanes, unless there is any very obvious reason for the contrary. 

In Figs. 14 and 14a the As ABC, ACD represent the same thing each to 
each. 

The overlapping method of construction as in Fig. 14a presents certain 
advantages which will become manifest later on. 

Let be the outlet ends of the fixed passages (or 'guide passages' or 
' nozzles,' as the case may be ; the selection of the proper term depends on 
the type of turbine). 

Let M be a part of the system of moving vanes. 

Let BC (Fig. 14 only) represent the path of an elementary thread of fluid 
traversing the passage between the vanes, relative to the motion of the vanes. 
Let AB represent in magnitude and direction the velocity of the stream 
issuing from the fixed passages. 
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Let AC represent the velocity of the moving vanes. 

Then, by the preceding remarks it will be seen that if the fluid is to 
enter the moving passages without resistance, it is necessary that the entry 
must be tangential to the vane. Therefore the tangent BE must be in the 
same direction as the velocity CB, which is the velocity of the fluid relative 
to the vanes at entry (theorem II.). 

Draw BF perpendicular to AC produced if necessaiy. 

Then AF represents the velocity of the fluid parallel to the vane motion, 
and is termed the * velocity of whirl.' 




^>^ 







Fig. 14. 




Fig. 14a. 



Proceed in a similar manner for the velo- 
• cities at outlet from the moving passages. 

In the triangle ACD, AC = the velocity 
of moving vanes as before ; CD, parallel to the 
tangent to the vanes at outlet, «= the velocity 
relative to the vanes at outlet ; and AD » 
the absolute velocity of the fluid at outlet. 

Draw DG perpendicular to AC produced 
if necessary. Then AG is the 'velocity of 
whirl ' at outlet. 
The above applies to an elementary thread of fluid, but it may now be 
assumed to apply to the mean relative path for the whole stream in the 
passage, in which case BC represents the mean shape of the vanes. BC may, 
in general, be any fair curve so long as the ends point in the directions BE 
and CD respectively. There are, however^ limiting maximum and minimum 
curvatures depending on the general magnitude of the velocities and the 
roughness of the vane surfaces. 

The assumption as to the mean path is legitimate providing that the 
vanes are small compared with the size of the wheel, also that the relative 
velocities of the fluid are not too high and the curvature of the absolute path 
of the fluid not too small. In such cases the centrifugal action within the 
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steam causes the density to increase towards the concave side and to decrease 
towards the convex side of the passage (see Chapter III.). In general, how- 
ever, and in reaction turbines particularly, this effect is small. 

V 2 

The kinetic energy of the fluid per lb. at entry is ^ , and this corresponds 

to a certain head (i.e. ^ = h). The analogous 'hydraulic head,' equivalent. 
2g 

to a given drop of steam pressure, and the resultant kinetic energy, are 

investigated in Chapter III. For the present, 'head' is a convenient and 

simple term to use. 

Now, in the figures drawn, it will be observed that CD has been purposely 

made larger than CB. As the quantity of fluid passing is the same at any 

V ^ v^ 

point, it follows that the energy ^ is greater than the energy ^ . This is 

an impossible occurrence unless there is some source of energy to draw upon 
during the passage between the moving vanes. 

The only possible source is a useful pressure or head in the passage, higher 
at B than at C. The only useful way this excess pressure can be obtained is 
by not using up the whole available head H in producing the velocity Vy 

This is in no way affected by the particular local methods whereby CB 
changes into CD. 

The 80-called ' reaction ' turbine of modem canstntction is made on this 
principle. 

Thus V is less than V2= 2^H. 

How much less is quite arbitrary, but it is usual in practice, and where H is 
to be disposed of in one set of vanes, to make v^^ about one-half V^, as this 
gives the best all-round efficiency. 

The proportion of energy remaining in the steam after issuing from the 

guide passages is called by Professor Bateau the ' Degree of Reaction,' and is 

V* -t; 2 
denoted by € = — ^ = usually about '5, and this represents the proportion 

of the total energy that is available for use in the reactionary manner con- 
sidered in theorem V. 

The ' Degree of Reaction ' as above does not possess the importance for 
the reaction steam turbine, which is invariably compounded, as it does for the 
water turbine, and it need not, therefore, be specially dwelt upon here. 

The similarity that exists between the respective velocity diagrams is due 
to somewhat different causes, as will be seen in Chapter IX. 

Suppose CD is equal to or less than CB. In either case, as there is no 
increase of kinetic energy, the whole head H may be converted at once into 
kinetic energy ; that is, v^* = V*. 

If t;, « ^2 there is no loss by friction or side spilling; and if t;3<t;2 there 
is a more or less unnecessaiy or unavoidable loss of some kind. 

Tlieee conditions obtain in the modem impulse turbine. 

The reader will now see that the so-called reaction turbine, starting with 
any initial velocity whatever, is really a mixed turbine, and is partly an impulse 
and partly a reaction turbine. Since the days of the Barker mill the term 
has been corrupted from its true meaning — whatever be the definition — into 
a mere name, which, however, it is convenient to adhere to so long as it is 
understood what is meant by it. 

To find the work done : 

The change of momentum in a time t per W lbs. of fluid passing per 
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14 THB THBOBT OF THE STEAM TURBINE. 

/W w \ 
second is ( — a,- — OjK where a^, Og = AF, AG respectively, measured 

algebraically. 

This change of momentum is equivalent to a force F acting for a time t. 

W 

Therefore -^(a^ - a^)t = Ft. 

The space moved in a time t is S, and is equal to vt. The work done 
= FS = Ft;^. 

W 
Therefore the work done per second « — K^ "^) (1^) 

or, the work done per lb. = -(Oj - Og). 

The diagram efficiency is ^^(^iy?) or M^z^ . (is) 



H 




Fio. 16. 

It is useful to know the pressure on the vanes when determining their 

strength under bending, etc. 

The pressure may be found as follows : — Referring to Fig. 15 ; from the 

W 
impulse, P< = — v^ cos y (by III). 

From the reaction, the velocity t;. produces a pressure on an imaginary 

Wv 
plane K£ at right angles to HB, equal to — ^. 

Resolving along the direction of motion 

P, = ^t;,cos{^-(tf + y)} 

W 
= --t;3C0s(tf + 7) 

W 
Therefore P = — {*'2 cos y- y, cos (tf + y)} 

= yK-«2)lb8. = F (19) 
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which is the same as the change of momentum in one second when W is the 
weight of fluid passing in one second through one passage. P is then the 
pressure on one vane in pounds. 

The following form is sometimes convenient : For any group of moving 
vanes of similar size, let the maximum horse-power (indicated) expected be 
HP. Let r be the mean radius of action in inches, N the revolutions per 
minute, and m the number of vanes in the group. 

Then the twisting moment = — « mPr inch lbs. 

■ •»" -T^ « 

P is the total pressure on one vane in pounds. 

Reverting to the expression (18) for the diagram efficiency, the reader may 

say : '' the work put into the machine is H »--, and the work thrown away is 

^, and therefore the efficiency is — ^^^9 ^i^d this should be same as (18)." 

Now this is quite true of the impulse turbine, and only then when the 
various losses are zero ; but of the reaction turbine in particular this is not 
the case. 

« 2 

In the latter case ^ is not the whole of the energy thrown away, as may 

appear at first glance. 

Referring again to Fig. 14, let us examine the transformations more closely. 

The common denominator 2g may be omitted here. 

1st step. The kinetic energy put in = t;^^. 

The work done = v^^ - vA 

The kinetic energy left = Vj* + ( V^ - v^^), 
V* - ©I* being in the form of head or pressure. 

2nd step. The residual eneigy may or may not all be converted into the 
kinetic energy v^^. It is very possible in the simple case of 
water turbines that if v^^ = t^g^ + V^ - Vj^, the waste v^^ will become 
so large as to more than nullify the anticipated benefit. In the 
case of the steam turbine, which is invariably compounded, ^3^ is 
very much less than v^^ + V^ - Vj^, except in the last stage. 

So that at this second step the energy available » v^^, 

and the work done = v^^ - w^*. 

The total work done is therefore 

and the particular diagram efficiency is 

V-V + V-^4^ 

V2 



which may easily be shown to be equal to 

2t;(a, - gg) 
V2 
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16 THE THEORY OF THE STEAM TURBINE. 

The energy thrown away, or available for the next stage in a compound 
turbme, is N^-v^-v^-^-v^-^-v^y although, so far as the diagram itself is 
concerned, the energy thrown away is v^ + v^, of which the part ^ is not in 
the velocity form, but in head or pressure equivalent to it. 

In the water turbine it will be just this amount of head ; but in the steam 
turbine it will be embodied with the V^ - v^ - v^, which is also in the pressure 
equivalent. 

SUMMARY. — Particular stress is laid on these several points, as a 
general sense of obscurity is often felt in attempting to reconcile the differences 
between the two types of turbine. 

These points are of importance in the theory when applied to . an elastic 
fluid turbine. 

From the foregoing it will be seen that — 

(a) In the reaction turbine there is a transformation of potential energy 
into kinetic energy within the rotating member. 

(h) In the impulse turbine the transformation of potential energy into 
kinetic energy takes place in fixed external passages prior to entry into the 
rotating member. 

These statements would require to be slightly modified in order to make 
them apply to turbines consisting of two oppositely rotating members, but 
without further comment, the reader will perceive that such turbines are 
simply mechanical variations. 

Neglecting fluid friction, we have the further distinctions — 

(a^) In the reaction turbine there is a difference of velocity and head of 
the fluid relative to the passages of the rotating member between the inlet 
and outlet of those passages. 

(5|) In the impulse turbine there is no difference of pressure between the 
inlet and outlet ends of the rotor passages. 

In the reaction turbine the inlet side of the vanes has to work in a medium 
of a higher pressure than at the outlet side, a condition involving a loss by 
leakage through the necessary clearance between the rotor and stator. 

In the impulse turbine there is no loss of this kind, but since, as a general 
rule, the relative velocities are higher than in the reaction type, the friction 
loss is probably greater. Further, since it is common practice for only 
a portion of the periphery of the wheels to be in use, there is a certain amount 
of what is termed 'ventilating friction,' which varies approximately as the 
pressure of the surrounding steam. 

As in the water turbine, the reaction steam turbine is ' drowned,' that is, 
the complete ring of vanes has always to be in use and immersed in the 
working fluid, as is obvious if a difference of pressure exists between the two 
sides in the presence of a necessary working clearance. 

The passages are always completely full of fluid, and it will therefore be 
seen that, in order to solve the reaction turbine, the use of Bemouilli's equation 
is necessary for the accurate determination of all areas. 

The impulse water turbine, on the contrary, may not be drowned, and 
indeed should not be if the impinging stream of water be applied to only a 
portion or portions of the ring of wheel vanes. Partial admission, as it is 
called, is rendered possible because there is little or no difference of pressure 
between the two sides of the wheel, and therefore no inducement for the water 
to short-circuit. 

The imptdse steam turbine, however, is of necessity always drowned ; and 
although there is a considerable loss of energy from shock of the live steam 
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FUNDAMENTAL. 17 

impinging on the dead steam of the same density within the vanes, partial 
admission is often forced on the designer by practical considerations. 

In the water turbine the loss by shock of water on air is obviously much 
less than in the steam turbine, where the shock is between steam and steam 
or air. 

Generally, the disadvantages and advantages of the best forms of both 
types are about equal in present constructions, but there seems to be an 
indication that the compounded impulse turbine will ultimately prove the 
better type. 

This must not be taken as implying that, of competing forms, the impulse 





Fio. 16.— Reaction Turbine. Fio. 17.— Impulse Turbine. 

turbine will necessarily be the victor. The steam turbine is young yet, and 
the reaction turbine possesses substantial advantages that cannot be gainsaid. 

Figs. 16 and 17 are diagrammatic sketches of the two types (simple) of 
turbine. See also Figs. 59 and 61. 

Figs. 59 and 61 both show the 'axial' or * parallel' flow (Fr. *h^le- 
coidal') variety. Inward and outward radial flow steam turbines have 
received a certain amoimt of attention at inventors' hands, particularly in 
the earlier periods of the history of the turbine, but, with the exception of 
Parsons' radial flow turbine. Fig. 114, they have not hitherto achieved com- 
mercial success ; and even the Parsons variety has been abandoned owing to 
the mechanical superiority of the parallel flow type. 

A revival has, however, taken place during the last two years on the 
Continent, and several firms are now beginning to place on the market a 
variety of forms of, as yet, unproved mechanical merit. 



2 
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CHAPTER II. 
HISTORICAL NOTES ON TURBINES. 

Contents : — Impulse Turbines— Early Records and Patents — Reaction Turbine. 

IMPULSE TURBINES. — As stated in connection with theorems 
I and II in the preceding chapter, the plain impact wheel is not a true 
turbine, although it often happens that turbines work partly under impact 
conditions, as when throttled, or when the vanes are inaccurately inclined. 
The plain impact wheel (Fig. 18) is met with in practice in the old undershot 
waterwheel having radial paddle-boards. 

As a method of obtaining rotation, this contrivance is probably older than 
history, but the impact steam wheel of Branca (c. 1630) is frequently stated 
to be the progenitor of the modem impulse steam turbine. The Branca wheel 





Fig. 18.— Impact Waterwheel. 



Fio. 19.— Pilbrow's Compound 
Impulse Turbine. 



is, however, only a plain impact machine, as in Fig. 18 ; and although the 
presence of the high gearing indicates that the great velocity of steam as 
compared with that of water was appreciated by the inventor, the retention 
of the radial vanes indicates that the conditions of improved efl&ciency over 
that of the existing waterwheel were not appreciated. The Branca wheel, 
therefore, can hardly be considered as the progenitor of the impulse steam 
turbine, except perhaps in being propelled by steam. 

Several other impact wheels of precisely similar characteristics were, as 
usual, subsequently re-invented, but the first intelligible impulse steam 
turbine of which there appears to be any record is that of Pilbrow. 

Pilbrow's patent specification is No. 9658 of 1843. This inventor seems 
to have taken the trouble to learn something about the behaviour of kinetic 

19 
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20 THE THEORY OF THE STEAM TURBINE. 

steam, and he determined that to obtain the greatest efficiency his vanes would 
have to move with a velocity of about 1250 feet per second, with steam of 
60 lbs. pressure. His turbine, although exhibiting many errors according to 
our present lights, not only introduced a reversible motion, but an intelligible 
system of compounding as well (on the principle of type 2, pages 60 and 139). 
This system of compounding is, as will be seen, radically different from that 
adopted in the Parsons turbine, but it is the same as embodied in the Curtis 
turbine. Fig. 19 illustrates one of Pilbrow's ideas. 

N is a fixed nozzle directing a steam jet on to the moving vane wheel A, 
rotating in the direction of the arrow. This wheel moves comparatively 
slowly, so that the steam issues from its vane passages with its kinetic energy 
only partly absorbed. The steam is then passed through the wheel B, having 
its vanes moving in the opposite direction. And similarly through other 
wheels, until the energy is exhausted. 

The next impulse turbine of note of which mention is made in the patent 




Fig. 21.— Perrigault's Compound Impulse Turbine. 

records is that of Robert Wilson (Pat. No. 12060 of 1848). One arrangement 
is shown in Fig. 20. 

The essential difference between this and Pilbrow's turbine is in the 
provision of proper increase of area for the stream of steam as it diminishes 
its velocity. In Pilbrow's turbine, although the steam is supplied through a 
narrow nozzle, and although there is the whole circumference of the wlieel at 
disposal, it is obvious, on inspection, that the stream can only extend itself 
along the circumference fortuitously. 

In 1865 a patent from French sources was filed (Brookes, for Perrigault 
and others. No. 949 of 1865), describing several varieties and arrangements for 
compounding the impulse turbine. 

Fig. 21 is typical of these somewhat extraordinary arrangements, and it 
will be seen that the principle is the same as in those described above. 

The design, however, is bad compared with Wilson's ; and, quite apart from 
the practical impossibility of deriving any further useful effect by the adoption 
of more than half a dozen stages, the inventors evidently did not realise the 
fact that kinetic energy is much more easily lost by friction, condensation, 
etc., than is recovered from any heat theoretically gained therefrom. 
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In 1889 began the series of important inventions of Dr De Laval, directed 
towards the solution of the problem of the simple impulse turbine. 

One of the distinguishing features 
of the De Laval turbine is the more 
properly formed expanding nozzle, 
whereby the maximum kinetic energy 
is obtained from the steam head. 

Fig. 22 illustrates the principle 
involved. 

The advent of this turbine im- 
doubtedly created an epoch in the 
history of impulse steam turbines. 

In 1895 (Pat. No. 2565) Mr S. Z. de 
Ferranti patented further varieties of 
the compound type previously noted, 
for use either with steam or with the 
gaseous products of combustion. Fig. 
23 represents the general arrange- 
ment of one of his proposals. 

The arrangement shown in Fig. 24 p,^^ 22.-De Laval's Simple Impulse Turbine, 
has also been suggested for retummg 
the steam to the same wheel some- 
what in the manner proposed by Wilson. The inventor also claims the 
use of superheated steam with turbines of this type. 




Fio. 23. — Ferranti's Compound Impulse Fio. 24. — Ferranti's Compound Impulse 

Turbine. Turbine. 

It is also interesting to note that a peculiar name is applied to this 
turbine, which he calls an * impact-reaction engine.' 

In 1896 Mr David Cook patented (Pat. No. 6073) a parallel flow 
turbine particularly for use with an internal combustion arrangement. 
This inventor appears to be the first to not overdo the compounding by 
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the method now being noted, and he confines his remarks to a two-stage 

turbine. He also illustrates thickened vanes. 

A few months later, Mr Curtis of New 
York patented (Pat. No. 19246 of 1896) a 
steam turbine of this type, but the only 
distinguishing feature of the application 
appears to be the rather elaborate explana- 
tion given in the specification as to the 
reasons on which the arrangements are 
based. The illustrations of the turbine itself 
are either very crude, or are to be regarded 
as merely diagrammatic. 

Since the above date, further invention 
relating to the type has been directed more 
towards a perfectionment of detail, which 

had hitherto appeared to have been regarded as quite a subsidiary matter, 

or ignored altogether. 

Broadly speaking, there is another method of compounding the impulse 




Fio. 25.— Tournaire's Turbine, 



Fig. 26. — Real and Pichon*8 Compound Impact Wheel. 

turbine, viz. by adopting a series of simple impulse turbines, working under 
progressively decreasing heads of steam. 

Toumaire (1853) is frequently quoted as the inventor of this method of 
compounding. This may be true so far as the method is applied to a turbine 
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as defined. Fig. 25 shows his proposed arrangement. The first set of fixed 
passages A are, in effect, nozzles that generate a velocity in the steam corre- 
sponding to a certain drop of pressure less than the range available — ^just the 
same, in fact, as the drop from high pressure to first receiver pressure in the 
ordinary compound steam engine. This velocity is utilised as completely as 
possible in the first set of moving vanes. A similar process occurs in the next 
pair, and so on. In modem applications of this principle, such as the Rateau 
and Zoelly turbines for instance, the number of stages is much greater than 
Tournaire proposed. 

This method of compounding was, however, suggested by Real and Pichon 
as far back as 1827, although the machine they describe is not a properly 
designed turbine, but an oblique impact wheel, or series of wheels. 





Fio. 27. — Hero's Reaction Turbine. 



Fig. 28.— James Watt's Turbine. 



Fig. 26 illustrates the general arrangement. Each wheel C was enclosed 
in a separate compartment, and keyed to a common stepped shaft G. 
Obliquely bored holes D in the diaphragms £ direct the steam on to the vanes 
F attached to the wheels. The pressure was thus lowered in steps from the 
inlet A to the outlet B. 

This impact machine is exceedingly interesting from many points of view, 
and, apart from it not being strictly a turbine, possesses many points in common 
with the present Rateau, Zoelly, and other turbines. 

REACTION TURBINES— The reader is probably very familiar 
with the Hero engme (130 b.o.). Fig. 27. 

This is the fi rst reaction steam turbine of which there is any record. Known as 
the * Barker mill,' the elementary reaction waterwheel did service for many years. 

History does not appear to record any further steps in the development of 
the reaction turbine until present times — an interval of two thousand years. 
It has, in fact, only been resuscitated as a result of the development of the recipro- 
cating engine, and through the enterprise of one man — the Hon. C. A. Parsons. 

Nevertheless, a few suggestions towards improvement were made prior 
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to the advent of the Parsons turbine, although few of them appear to have 
emerged from the stage of suggestion, or, at most, the toy stage. 

In 1784 James Watt patented an ingenious combination of the principle 
of the reciprocating engine and the reaction turbine, Fig. 28. The case A is 
nearly filled with some heavy liquid, such as oil, water, or mercury. Steam is 
supplied to the inner rotating vessel B, which is divided, by the partition C, 

by the pipe D. E is the exhaust pipe. 
F F are two ports opposite one another, 
and opening alternately to the port G 
and the opening H respectively. The 
steam alternately displaces the liquid in 
either compartment by its pressure (not 
velocity), and the rotation is obtained by 
reaction from the ports L. The liquid 
is returned to the inner chamber by 
the valves M, and the steam exhausted. 
Devices involving the propulsion of 
a heavy liquid in order to replace the 
high velocity of the lighter fluid have 
received a considerable amount of atten- 
tion at inventors' hands. They have 
hitherto achieved no practical success, 
but it is stated that one important firm 
has recently given the matter veiy 
close attention, with very promising 
results. From a theoretical point of view the system is bad, but it may 
prove useful in the development of an internal combustion turbine. 

The turbine invented by Von Rathen (No. 11800 of 1847) is of interest, 
as it introduces an expanding cone for the steam discharge. Although the 
expansion given by the cones there illustrated is out of all proportion to that 
actually required, there is nevertheless the germ of the idea, subsequently 
introduced in more correct form 
by Dr De Laval for his impulse 
turbine. In other respects the 
Von Eathen turbine is merely 
a combination of four Barker 
mills. A sectional view is 
shown in Fig. 29. 

Robert Wilson, in the same 
patent specification referred to 
above in connection with im- 
pulse turbines, also included 
designs that are practically on 




Fio. 29.- 



-Yon Rathen's Simple Reaction 
Turbine. 




Fig. SO.-— Wilson's Parallel Flow Compound 
Reaction Turbine. 



the same principle as the present Parsons turbine, t'.e. compound reaction. 
Figs. 30 and 31 show parallel-flow and radial-flow arrangements respectively. 

It is stated that the alternate rows of vanes may either be fixed or oppositely 
rotating. This is also the essential feature of many subsequent inventions. 

In 1883 (Pat. No. 1655) Dr De Laval patented a Barker mill arrangement, 
in which considerable attention (for about the first time in history) was given 
to practical working details. This turbine was inspired principBdly by the 
requirement of a fast running motor for driving the cream separator with 
which the name of De Laval is indelibly associated. 
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Fig. 32 illustrates the general arrangement of this turbine, which employs 
friction gearing for obtaining a lower speed of rotation for purposes of more 



Fio. 81. — Wilson's Radial Flow Compound Reaction Turbine. 

general application. The unbalanced axial pressure provides the necessary 
pressure for the friction drive, a is the reaction wheel or pipe. 



Fio. 32.— De Laval's Simple Reaction Turbine. 

The curved pipe arrangement of Fig. 32 is sometimes known as the 
'Scotch Barker mill.' 

The next important invention was that of the Hon. C. A. Parsons, No. 
6734 of 1884, which is described in Chapter V. 
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CHAPTER III. 
THE VELOCITY OF STEAM, 

CJONTENTS :— The Velocity of Steam— Unresisted Flow of Gases— Total Heat of Steam- 
Examples — Resisted Flow— Examples— Straight, Convergent, or Rounded Inlet Nozzle 
— Divergent Nozzle— Examples — Centrifugal Effect of Steam moving in a Curved Path 
— Examples of general Theorem — Pressure Oscillations in Vane Passages. 

THE VELOCITY OF STEAM.— The subject of this chapter is the 
conyersion of the potential energy of steam into kinetic energy, or, as it 
may sometimes be conveniently expressed, the transfer of 'pressure' into 
* velocity/ 

The efflux of steam from orifices has been the subject of a great deal of 
experimenting, and the phenomenon of the ' critical drop ' of pressure, 
which will be explained further on, appears to have created much mystification 
in former years. The late Robert Napier was probably the one who contri- 
buted most in demonstrating the general harmony between experiment and 
theory. Latterly, Professor Rateau's experiments have established a perfect 
identity with theory so far as mass discharge goes. 

George Wilson, in 1872, conducted a most extensive series of experiments 
on the efflux of fluid air, water, and steam from orifices. The results of his 
investigations appeared in a voluminous series of papers published in 
Engineeriiigy vol. XIII. Wilson did not, however, appear to have come to any 
very definite conclusions respecting his experiments, but they certainly aroused 
an equally voluminous amount of discussion. 

Within the last few years the experiments of Mr Rosenhain, Professors 
Rateau, Delaporte, Stodola, and others, have contributed to a clearer under- 
standing than was commonly available before, and some of their results will 
here be referred to in further detail. 

It is questionable whether we really know anything at all about the 
internal mechanism of transformations of energy. This need not, however, 
deter us from using theories which, from a general point of view, have received 
experimental confirmation. 

In the author's opinion, a complete series of experiments with nozzles 
shaped as nearly theoretically correct as possible for given conditions (and 
there is really only one set of conditions per nozzle, not a number) is still 
wanting in order to determine their practical efficiency in terms of other 
variables, such, e,g.^ as the shape of the cross section. 

UNRESISTED FLOW OF GASES.— When an expansion or 
compression of a gas takes place in a very short interval of time or suddenly, 
the process cannot very well be other than adiabatic, or analogous to it, because 

26 
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the walls of the containing vessel have no time to transmit heat either one 
way or the other. But, sudden as the process may be, there is always a certain 
amount of resistance set up by friction on the walls of the apparatus and 
internally. The theoretical case of unresisted expansion will, however, be 
first dealt with. 

When a gas expands adiabatically it must do some work ; and if it is 
not allowed to do any external work, it will do work upon itself.* 

Again, if a gas expanding adiabatically does work upon itself without 
opposition, the only possible form in 
which this can be manifested is appar- 
ently in energy of motion. 

The quantity of work involved is 
equal to what may be termed the 
difference of adiabatic states between 
the higher and lower pressures, and 
therefore the velocity acquired is calcu- ^'^' ^^' 

lable from a knowledge of those states. 

Let Fig. 33 represent an apparatus of any kind in which certain trans- 
formations of the energy of the steam take place. This apparatus may be 
a nozzle or an orifice, or the whole turbine itself. 

Let the various conditions at A and B be respectively — 

Fi> P2» pressures (lbs. per sq. ft.) 
"u "qj speciBc volumes (cub. ft. per lb.) 
- ^i, Vj, velocities (feet per second) 
Ij, Ig, internal energies (foot lbs.) 

J is Joule's equivalent; the value 778 ft. lbs. per B.T.U. will be adopted. 
Let the useful work done between A and B be E (ft. lbs.). Then, collecting 
up the total energies at A and B and equating them, we have — 

^i + ^'+^i''i = ^ + ^2 + ^'+i^2''2 ^" 

whence (l^^p^y^).(l^^p^y^)^E^^-l^ . . . (1) 

This formula must be simplified, and suitable expressions substituted for 
the internal energies, in order for it to be practically applicable. This is 

easily done, for the term -t^ is the ^ total heat of the Steam.' 

J 

The expression neglects the specific volume of the water from which the 
steam is generated, but this is a legitimate omission, since this quantity is, 
in any turbine problem, relatively very small. 

Let A, hg be the sensible heat (from 32** F.) supplied for saturated and 

superheated conditions respectively ; 
Let r, Ts be the saturation and superheat temperatures (absolute) 

respectively ; 
Let Cp be the mean specific heat of superheated steam between satura- 
tion and superheat temperatures (see Chapter XIL) ; 
and let H represent the total heat present, and 

L represent the * latent heat * of steam (from 32* F ). 

* This is only one of the many methods of presenting the problem. 
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Then for the three conditions we have : j ^' 

{9) For dry saturated steam — n-'-*^^ 



(b) For wet steam 



H = ^ + L = -^ (2) 



H = ;i + a;L=— j?'*^'' .... (3) 



where x is the * dryness fraction.' 
(c) For superheated steam 

H=A + L + C,(t:-t) = I±p . 

(1) may now be abbreviated as follows : 



(4) 



1.2 . 



J(Hi-H,) = E + -^2^ . . . . (5) 

If the formula be applied to a nozzle or equivalent passage where the 
generation of kinetic energy is its only function, E is nil. 

2 2 
Therefore ^^2^^ =^(^1-^2) (6) 

Or, to proceed a step further, suppose v^ is small compared with v^ (as is 
often the case), then 

^ = J(Hi-H,) (7) 

In any case, it is seen that the velocity produced is directly dependent on 
the total heats present at the beginning and end of the transformation. 

As a rule, Hj will not be known immediately, and probably only one of 
the lower conditions (usually pressure) will be given. Hg must therefore be 
calculated by an application of the adiabatic law, which has not hitherto 
appeared in the formulse.* 

When saturated vapours that have a negative specific heat — as is the case 
with steam, at least, for all practical ranges of pressure — expand adiabatically, 
the expansion is accompanied by condensation or decrease of dryness fraction. 

Saturated vapours having a positive specific heat increase in dryness or 
become superheated. Ether is an example, and with this vapour the con- 
densation takes place with adiabatic compression. 

It is often necessary first to find the dryness x^ after expansion. 

This is given by the following equation : t — 

x^^'^(^ + \og'^A lot wet steam ... (8) 
For initially dry saturated steam, Xj = 1. 

* The investigatioii of the adiabatic expressions is not given here, and the reader is 
referred to books on *heat' and 'steam' for them. The expressions required are therefore 
only stated here. 

t Hyperbolie Logarithms, 
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Also ajg = ?- ( ^ + log -^ + C, log - ) for initially superheated 

steam expanding to finally wet steam (9) 

Then H^ = /ig + ^'^2 ^^ l^iown, 

and if Hi-H2 = W_ _ 

1;= n/2^JW = 223-8 n/W .... (10) 

The velocity alone may be obtained in a more direct manner by using the 
expressions for the work done during an adiabatic expansion, instead of 
performing the double calculation as above. 

Thus Work == J(Hj - H2) ft. lbs. 

= J I (ti - T2)n + -i ) - Tg log ^ i for initially dry steam . . (11) 

or J I (ti -r2)(l +?i^i)-r2 log I^ i for wet steam .... (12) 

or j{(T,-T2)(l+^)-T2l0gIj + C^(T,-Ti)-C^(l0gT,-l0gT,)T2| (13) 

for initially superheated steam expanding to finally just dry or wet steam. 

If the superheated steam is still superheated after the expansion, as is the 
case when the temperature is high enough and the drop of pressure small, 
the above expression is unsuitable. 

For this case, the work done is — 

J{Ti + Li + C,l(T,i-ri)-^T2-L2-C^(T^-T2)} . . (U) 

and V = 223-8 ^W as before. 

If Cp is constant, C^i = C^a, the value for which it has been customary to 
assume to be -48 (see Chapter XII. for more probable values). 

r^ is then calculable from the following relation that exists between the 
various quantities : 

log '^i + "7 + Ci' (l^g T,i-log Ti) = 

logr2 + ^ + Cp(logT^-logT2) - . . . (15) 

Since Tj, L^, t,i, Tj l^ and Gp are either given or found from the steam 
tables, r^ is readily obtained. 

If Cp be not constant for all temperatures and pressures, as appears to be 
really the case, it is necessary to know the law of variation of Cp before t^ 
can be calculated, the expression of the law (if it be simple enough) forming 
the second equation. 

Experiments made up to the present date have not revealed any simple 
law that holds for both variation of pressure and of temperature. Recourse 
may, however, be had to a diagram such as B (Folding Plate) for ascertaining 
the probable value of r^ 
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r/,/^ 



T2^t 




Fio. 34. 



Diagram B is constructed to particulars given in Chapter XII., and it is used 
for the present purpose as follows : p^, Tj, t,i, p^ and tj are given ; to find t^ 

Through B (Fig. 34) on the r^ abscissa, 
draw B C parallel to the local curved dia- 
gonals of the diagram, cutting the r«i abscissa 
in C. Proceed similarly for Tj, thus obtain- 
ing E G. Drop an ordinate from C cutting 
EGinD. Then D is at T^. 

It is now necessary to know Opi and C^s, 
which depend not only on the pressure but 
on the values of t,i and t^. 

Since 0, is not constant, the average 
value of each must be taken over their 
respective ranges Tj to t,i and r^ to t^. 
These values may be determined from 
Fig. 190, page 186. 
Some examples will help to make the general procedure a little clearer. 
Example : Highly superheated steam and a small drop of pressure. 

Let pi = 180 lbs. absolute 
T,i = 500"F. 
|?2= 120 lbs. absolute 

The other quantities are obtained from the steam tables. 
From diagram B, the vertical through C (Fig. 34) cuts the 120 lbs. super- 
heat line E G at 443' F., that is, t^ 

By Fig. 190, C,i= -875 and Cps« -685. 
Then 

W={ti + Li + Cpi(t^-ti)-t,-L2-C^(t^-t2)} 
= {834 + 851 + -875(127) - 802 - 874*1 - -685(102)} 
= {1796-1745-9} 
-50-1 B.T.U. 
= 37900 foot lbs. 
and V = 223-8 ^50a 

= 1582 feet per second. 

The corresponding values for initially dry saturated steam are 



and 
Example : Wet steam. 



33-2 B.T.U. 
: 25800 foot lbs. 
1290 ft. per sec. respectively. 



Letpi=150 
!>,= 70 
a^= -92 



lbs. absolute 



Then Ti = 819-5, Lj = 861-6, t2 = 764 and L2 = 901-6 

^764 ( '92x861-6 , 8195 ) 
901-6 1 819-5 "^ 764 j 

= •847{-967 + -0713} = -87 (bare) 
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Hi = ^ + «iLi = 326-5 + 792-67- 1119-17 
Hj = ^ij + aSjLjj = 271 + 793-4 = 1064-4 
W = Hi-H2 

= 111917-1064-4 = 54-77 B.T.U. 
v = 223-8 ^547 = 1656 feet per second 



Alternatively W«(t - T2)fl +?lIiA-Tj log ^ 



= 55-5 (1 + -967)- 764 X 0713 
- 54-8 B.T.U. as before. 

The theoretical values of the velocities, quantity of steam passing, dryness, 
etc., may also be obtained by means of diagram A (Folding Plate), the exceed- 
ingly ingenious construction of which is due to Mr Sven Jensen. This diagram 
has been re-calculated and constructed by the author in a form more convenient 
for everyday use, and includes superheat data which did not appear originally. 

The use of the diagram will save a great amoimt of time, besides almost 
eliminating the many opportunities for making slips in the somewhat cumber- 
some adiabatic calculations, although these are not very difficult. The 
instructions for using the diagram are given on the same sheet. 

RESISTED FLOW. — So far, the case of unresisted flow accompanied 
by a perfect transformation of potential energy into kinetic energy has been 
dealt with. 

The nozzle, like everything else, does not fulfil its function perfectly, and 
the actual velocity of the issuing stream is less than that demanded by the 
theory of unresisted flow, owing to friction and eddies. 

We may write — 

^' 
The velocity efficiency of the nozzle = - 



or 



The energy efficiency of the nozzle 



{r')« 



where v* is the actual velocity obtained, and v is the theoretical velocity 
vnthout resistance. 

A consideration of the tem- 
perature-entropy diagram is of 
great assistance in understand- 
ing the nature of the loss of 
energy. 

Referring to the typical 
entropy diagrams. Figs. 35 and 
36, in which a is the starting- 
point of the expansion : 

The available energy for 

the drop p^ to pj ^^ 

the area /^r A aft; Fio. 86. 

The energy remaining in 

the steam after unresisted or adiabatic expansion is the area defhc, 
The energy actually remaining after a more or less resisted expansion is 

the area de/bkl; 
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The total loss of energy during the transformation is the area eakl, of 
which the area bak is present in the form of heat, and the actual 
kinetic energy is that corresponding to the difference of total heats 
at a and k instead of at a and h. 

The final condition of the steam will either be a superheat condition k 
(''■«), Fig. 36, or a dryer condition {x'^) than b, (x^), as at Ac, Fig. 35. 

Thus, if by experiment it is found that the energy efficiency of the nozzle 
is, say, 90 per cent., the area 

fghab - cbkl = -9 fghab 



•9 or m 



that is, H^-Hg-(ffg-Ha) 

where H'j is the actual final total heat. 

Now, the chief use of the above is not to determine what the loss of 
energy can be in a nozzle — that is out of the question, and is purely a matter 




Fio. 36. 



of experiment — but, knowing how much the loss is, to determine what is the 
actual final condition of the steam. Therefore, in cases where the final 
condition is within the dry saturated line mn, as at X-, Fig. 35, we require 
to know what x\ is instead of x^ for the unresisted flow ; and when the final 
condition is represented by the point k, Fig. 36, to know the temperature of 
the steam, and the other quantities dependent on that temperature. 

For the four particular cases, these determinations may be generalised 
as follows : 

Let m be the experimentally determined energy efficiency of the nozzle, 

thatis^H^^m. 

Then for initicUly wet steam, 

For initially dry steam 

put - - x^ = \ 



(16) 
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For inUtally guperheated steam where the final condition is wet, 

For initially superheaied steam where the final condition is still super- 
heated, 

. ^'plr'^ - Tg) = (1 - w){Ti + Lj + Cpi(T, - Ti)} + mC^{T^ - Tg) 



and 



logT, + ?^ + C,, log l£ = logT, + ?^ + C^ log If? 



(18) 



If in (18) Cp be constant, the expression and determination is much 
simplified, and becomes 



Trt 



^(l:^)lr^+C,(r.-r,)}^^(^^_^^)^, 



(19) 




Ai7 


^. 


\x^ 4iC 


\ ^^ 


\. 4^ 




^^^2^^ 


«J\. 



Fio. 87. 



Fio. 88. 



In the above expressions x^ t^ are found from (8) and (15) if required. 

With (18) considerable difficulty is presented to a straightforward calcula- 
tion, because we have Cpi, Cpa, Q'^ all different and depending on t„ t^ 
and ri, respectively, and we do not know any simple law of variation of C^. 

The calculation is, however, facilitated by the temperature-entropy 
diagram B. 

On this diagram, abstracted in Figs. 37 and 38, are lines of constant total 
heat ; that is, the total heat of the steam at any temperature condition along 
any one line is the same. 

Thus H| passes through a 
Hy „ „ h 

Now, Hi-H'j = m(Hi-H2) 

Therefore if we know the easily calculated value Hg and the nozzle 
efficiency m, we can find the line H'g- 

H'j line cuts the superheat line SgS^ in K, and thus r^ is known. 
The actual velocity of the steam is now 

t;' - 223-8 ^Hi-H'2 
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The velocity and drop of energy may also be found very approximately for 
superheated conditions by diagram A, the process for which is described 
thereon. 

In practice, with nozzles or orifices properly designed and well made, a 

velocity efficiency ( — ) of 95 per cent, may be obtained with fair reliability. 
Example of resided flow with superheated steam : 

Let p. =180 Ibfl. absolute 
T,i = 500-F. 
>» J^2 = 120 lbs. absolute 

,, m = 1-^ = 88% by experiment 

or v\ = '941; 

From example on page 30, t;= 1582 

Therefore v = 1 487 

-223-8 VHj-H'g 
By diagram B H^ = 1305*5 

Therefore H'2= 1261-3 

The superheat line for a pressure 120 lbs. intersects H'j" 1261*3 at a 
temperature of 451° or t'^. 

The final condition of the steam is thus determined. 

Critical pressure. — A few measurements which are readily taken from 
diagram A will soon reveal the fact that the steam flowing through an 
orifice presents some peculiarities which are almost as confusing at first 
as they were to the experimenters of old. 

It will be found, for example, that — 

1. Given a fixed upper pressure (e,g. boiler pressure), there is a certain 

lower pressure at which the quantity discharged through a given 
area of orifice reaches a maximum, and that, however much the 
final pressure be lowered below this critical pressure, the quantity 
discharged does not materially increase.^ 

2. In a nozzle of any form, the velocity — presupposing steady flow — at 

the most contracted area is that due to this maximum discharge. 
It is also dependent on 

(a) the fall from the initial pressure to the lower critical pressure 
(about *58j7j) when the final pressure is less than *58p^ being 
therefore independent of the lotoer pressure ; and 
(6) the fall from the initial pressure jp^ to the lower pressure p^ 
when P2 is greater than '5Sp^, being therefore dependent on 
the lower pressure. 
3. The pressure in the throat or most contracted area of a steam jet for a 
total drop of pressure to below *58 pj cannot be less than about '58 p^ 
(note, this is for perfectly steady flow), and therefore expansion to the 
final pressure must take place outside the orifice. 
The earlier experimenters observed precisely the same facts when the 
conclusions of a vast amount of experimental work were compared, a great 
deal of this work being devoted to confirming the apparently curious results 

* Observe that the line BC is a tangent to the xQ (quantity) curve at the critical pressure 
(Diagram A). 
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of predecessors, and endeavouring to see if there were not something wrong 
with them. There is thus ample experimental confirmation of the general 
observances. 

The theoretical observations per diagram A, or from direct calculation, 
have been derived from somewhat abstruse formulse, and the general explana- 
tion may therefore be lost sight of. 

Such an explanation is as follows : — 

Let Q be the quantity of steam passing per second in lbs. 
p be the density of the steam in lbs. per cub. ft. 
a be the area of section at any point in sq. ft. 
V be the velocity of the steam in feet per sec. 

Then, at any moment Q = pav. 

In the case of a non-elastic fluid, p is constant ; therefore a is inversely 
proportional to v, av being constant ; so that, for an increasing velocity, the 
passage will always be convergent. 

But for a gas, p varies with the pressure, and it will be found that pxv 
increases at first, and, reaching a maximum, decreases (purely a matter of 
steam tables and arithmetic) ; so that the passage will at first be convergent 
and then divergent. 

The section at the most contracted part of the passage is called the ^ neck ' 
or * throat.' 

It naturally follows that the quantity discharged is a function of the size 
of the neck and pxaxv, and not of anything beyond. The pressure therefore 
as well as Q must always be the same at the neck for any given initial pres- 
sure, provided, of course, that the drop equals or exceeds Pi to 'bSpy 

For a perfect gas the pressure at the neck is about 'b2p^ whatever the 
value of p^y and for steam the value is on an average about '6Sp[, 

The following table gives various values of the coefficient of p^ : — 





Gas 


n 


e 


Cotterill 

Zeuner . 
Rankine 

1 


Dry air 

Dry saturated steam 

Moist steam 

Dry saturated steam 

»t Ji it ... 


1-4 
1-8 
1-185 
11 

1-0645 


•62 
-548 
-677 
-582 



n is the index in the adiabatic equations, and c is the ratio of P2 : Pi at 
maximum discharge. 

The values given above for steam are approximate. They also vary a 
little with the pressure. -58 may, however, be safely used for ordinary 
saturated steam in most turbine calculations. 

The equation for the velocity at maximum discharge with the critical fall 
of pressure is given by 






or 



where n is the index in pv^ =« constant. 



Pi^i 



(20) 
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For saturated steam with the average amount of moisture present during 
an expansion, starting dry, -^ is usually given for n. 

n I 

Since 2g—j is constant, v is proportional to »JpiV^, which is very nearly 

a constant. 

So that it follows that, whatever be the initial pressure — 5 lbs., 50 lbs., or 
200 lbs. — ^the velocity created as far as the throat or by the critical drop of 
pressure to '58^^ is always about the same. This can be readily checked from 
diagram A, and v will be found to only vary from about 1250 feet per second 
in the vicinity of 1 or 2 lbs. absolute to about 1450 feet per second for 300 to 
400 lbs. pressure. It will be observed that a condition of * steady flow ' has 
frequently been mentioned. But in the case of unsteady flow, that is, where 
there are violent oscillations of pressure within the nozzle, such as are noted 
on page 38, the quantity discharged is not greatly difierent from that for 
steady flow. 

The reader must not confuse the foregoing phenomenon with those that 
take place when there is a given lower pressure and a varying upper 
pressure. In these cases there is no limit to the discharge per unit area. 
Indeed, this is obvious without further argument than pointing out that the 
density of the steam at the throat increases with the pressure. From 
Rosenhain's experiments, however, there appears to be a practical limit of 
velocity, probably varying inversely as the lower pressure, and which, when 
that pressure is atmospheric, is about 3100 feet per second. In this connection 
he pertinently observes that "it is probably more than a mere coincidence 
that the maximum speed attained in any of his experiments, viz. 3160 feet per 
sec, is practically the same as that observed by Professor Boys for the velocity 
of a rifle bullet." 

It must not be inferred that the practical limits of velocity obtainable by 
dropping from the same higher pressures to lower pressures than atmospheric 
is the same value — 3100. There does not appear to be any direct experi- 
mental evidence on this point, but it does not seem unreasonable to suppose 
that a similar maximum velocity efficiency of about 95% can be obtained with 
nozzles properly shaped and discharging into lower (or higher) pressures than 
atmospheric. 

The fact that the practical velocity curves (Fig. 47) run approximately 
parallel to the theoretical curve strengthens this supposition. This is further 
confirmed by the good efficiency that is given by low-pressure turbines — for 
instance, M. Bateau's special low-pressure turbines, which work exclusively 
between p^ about atmospheric and |>2 ^ ^ ^ 1^- absolute. 

It has been stated that, with- a nozzle of the form best suited to the 
particular conditions, a velocity efficiency of 95% may be relied on, corre- 
sponding to a 10% loss of energy. 

The reader's attention will now be drawn to some of the valuable 
experiments of Professor Stodola, which indicate the probable source of 
the greater part of this large loss, although it must be admitted that 
they do not indicate tangible arithmetical values for such losses. Professor 
Stodola conducted a series of experiments with nozzles of difierent shapes 
mounted in a suitable manner on the end of a steam supply pipe, and 
with an exhaust pipe beyond the nozzle, which could be choked by a valve 
so that the back pressure could be varied at will. Through the centre of 
the nozzle was a small manometer tube (known as a * Pitot tube '), with 



Digitized by 



Google 



THE VELOCITY OF STEAM. 



37 



perforations so that by moving the tube along the nozzle the pressure could 
be gauged at various points. 

In some cases pressure gauge sounding pipes were also let in at various 
places on the nozzle walls, so that the pressure could be measured both on the 
confines and in the interior of the stream passing through the nozzle. 

Readings were taken both with the holes in the manometer tube square 
to the axis, and inclined either way, as shown in Fig. 40 a, ft, and c. 

Naturally, h would be expected to give a high reading, a low, and c 
doubtful, imder the circumstances of the very high velocities present. Ex- 




Fio. 39.— Apparatos for mcAsuring Yariations of Pressure in Nozzles. 

periments prove, however, that there is very little difference. For instance, h 
reads high about \ inch of mercury for pressures in the vicinity of an ordinary 
vacumn ; the error rises to 4J inches for pressures of 2 or 3 atmospheres, and 
then decreases. The perpendicular holes c appear to give readings not very 
far removed from the truth. 

Further, the differences of pressure between the outer and the inner 
portions of the stream are practically nil with any nozzle of approximately 
correct progression of areas. This latter observation is very important, as it 





Fig. 40. 

shows that the stream always completely fills the nozzle (for a straight axis, at 
any rate), and that there is little or no zonal formation ; that is, an outer 
zone moving at a different velocity to the inner zone, if the nozzle does not 
happen to be quite the right shape for the given expansion or drop of pressure, 
although there is naturally a certain amount of frictional dragging of the 
steam at the surface. The above does not hold for absurdly divergent nozzles, 
such as Fig. 29 for instance. In such cases the stream does detach itself from 
the walls, and apparently with much loss of energy. 

The next important observation of Professor Stodola was, that with any 
nozzle, the pressure falls — with a few exceptions — in the vicinity of the throat, 
or its equivalent, to a pressure considerably below the outlet pressure, there 
being a sudden rise of pressure immediately after the fall. 
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Figs. 41, 42, 43 are typical curves of pressure obtained with various forms 
of nozzles. 

It is perhaps unnecessary to point out that all tlie variations of pressure as shown above 
are not the same sort of thing that occurs when a steam-engine indicator fluctuates by 
working at a high speed. Wii^ the indicator they are mostly, if not entirely, spring 
oscillations, but with the nozzles they are true variations of pressiue, as measured by the 
movable manometer tube, etc Refer also to the author's ezpenments described farther on. 

These particular experiments show that, in general, for a straight, a 
convergent, or a straight rounded inlet 
nozzle, a sudden drop to below the lower pressure 
occurs, the maximum depression progressing along 
the nozzle as the lower pressure decreases. Oscilla- 
tions are set up in proportion to the depression, and 
extend for about one and a half times the length of 
the nozzle beyond it into the exhaust space. 

Apparently the depression tends to a minimum, 
with a small difference between outlet and inlet 
pressures, and also with a large difference of 
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Fig. 41.— (Stodola.) 
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Fig. 42.— (Stodola.) 



pressures when the lower pressure approaches a perfect vacuum ; but the 
depression and oscillations are at a maximum in the middle ranges. 

For a divergent nozzle (within such limiting forms as do not encroach 
on others), there appear to be, in general, no internal oscillations of pressure 
after those created at the neck have died out. If the lower pressure is below 
that for proper expansion within the nozzle, oscillations are set up in the 
exhaust space. 
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When the lower piressure coincides with that for the nozzle expansion, 
the oscillations are a minimum, and may be zero. 

When the lower pressure is 
above that value, the pressure 
rises in the nozzle at a distance 
from the end depending upon 
the rise, and oscillations are set 
up outside. 

These external oscillations are 
materially affected by the size, 
and probably by the shape, of 
the external space, and may 
either be practically nil or very 
large. What they may be like 
in rectangular nozzles is shown 
further on, and experiments indi- 
cate an approximate 2 or 3 per 
cent, (v) lower efl&ciency than for 
circular nozzles. 

Professor Stodola considers 
that many of these oscillations 

are sound-waves, and by including the relation that exists 
velocity of soimd in the steam and its intrinsic conditions, {», 




Fio. 43.— (Stodola.) 



between the 

= >s/gpi^}y it 
appears that the phenomena ob- 
served can be largely accounted 
for, both for the big and for the 
little oscillations. The equation 
for the variation of pressure from 
point to point in the length passes 
alternately through positive and 
negative values, and at each point 
where this happens the pressure 
curve changes its direction, up or 
down, as the case may be. 

For further deductions and 
points of analytical interest, the 
reader is referred to Professor 
Stodola's excellent work Die 
Dampfturhine^ which has recently 
been published in English. 

The most general conclusion to 
be derived from the nozzle experi- 
ments of Professor Stodola is, that 
one must not expect to obtain a 
good result from a wrongly formed 
nozzle, but that it should be made 
as nearly as possible for what it has 
to do, a condition more easily said 
than done in commercial practice. 
Mr Rosenhain made a series of experiments with various nozzles, working 
with heads of steam ranging from 20 lbs. to 200 lbs. (gauge pressure).* 
* Proc, Inst, CivU Engineers^ vol. cxl. 
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The reaction of the escaping jet (as in theorem V.) on the nozzle and the 
quantity discharged were measured, the velocity being deduced therefrom. 

Fig. 45 is a diagrammatic sketch of the apparatus used for measuring the 
reaction. For measuring the discharge a collecting vessel was placed around 
the nozzle (Fig. 46), and the water measured after condensation in a surface 
condenser. 

These methods involved separate experiments for each set of measurements, 
but great care being taken in each case, by taking the reaction readings 
with a gradually rising boiler pressure over a period of many hours for each 
test, the source of error and discrepancy must have been extremely small. 

The following nozzles were used : 

Table I. 



! Mark. 

I 
II 

IlA 

IlB 
III 

IIlA 

IIlB 

IV 

IVa 
IVb 
IVc 
IVd 



Description. 



Hole iu thin plate 
Convergent— divei^nt nozzle 

The oonvergent |iart A B 

The divergent part B C 

Diverging nozzle ; slightly rounded 
inlet and large taper 

Do. shortened 

Do. do. shortened 

Diverging nozzle ; slightly rounded 

inlet and small taper 
Do. shortened 

Do. do. shortened 
Do. do. do. shortened 
Do. do. do. do. shortened 



Section. 




Dia. 

Neck. 

Ins. 


Outlet 

Orifice. 

Ins. 


Taper. 


•1878 


... 


... 


•184 


•287 


Iin20 


•1866 


••■ 


... 


•1849 


•287 


1 in 20 


•1822 


•368 


linl2 


»» 


•266 


If 


it 


•241 


t* 


•188 


•266 


linSO 


*t 


•242 


ti 


»> 


•28 


1. 


' i> 


•217 


f 1 


>i 


•206 


» 



As applied to the turbine, the velocity results are of the greatest interest, 
for the velocity represents the kinetic energy possessed by the jet, and it is 
a matter of secondary consideration how large the nozzle shall be (within 
limits) to pass a given quantity of steam, as the variation in size required is 
too small to affect the general size of the turbine. 

The Velocity curve is therefore an efficiency curve of the nozzle as a producer 
of kinetic energy. 

Fig. 47 shows the velocities obtained with the various nozzles working 
under progressive heads of pressure, the steam escaping in each case into the 
atmosphere. 
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Curve II, for example, gives the velocity obtainable with nozzle II from 
initial steam pressures (gauge pressures) varying from 40 to 200 lbs. ; the 
velocity with the drop 180 to being therefore 2850 feet per second. Curve 
a a gives the theoretical velocity obtainable with a perfect nozzle, as given by 
diagram A or by calculation. 

The velocity efficiency of nozzle II at 180 lbs. pressure is for example 

^= -929 and the energy efficiency is T^ = 862, 13-8 per cent, being there- 
fore lost. 

Considering the great variation in the form of the nozzles and the great 
variation of steam pressure (or, in other words, the great range of departure of 
the pressures from the proper pressure of the nozzle, whatever it happens to 
be in each particular case), the small variation existing between some of the 




Fio. 45.— Rottcnhain's Reaction 
Apparatu& 



Fig. 46.— Rosenhain's Discharge 
Apparatus. 



results is very remarkable ; indeed, it almost amounts to a license for careless 
design. But even this applies only within reasonable limits, for none of Mr 
Rosenhain's nozzles approach some of the gross forms used by Dr Stodola. 

The following main deductions should be noted : 

Up to about 80 lbs. pressure per square inch discharging into the atmo- 
sphere, the most efficient form of nozzle appears to be the * orifice in a thin 
plate.' This does not, however, imply that it is the best nozzle for a turbine 
under similar conditions of pressure. With this kind of orifice the spreading 
is too great, and the internal eddies and whirls too violent for useful 
application ; the efficiency is good so far as the nozzle itself is concerned, 
but beyond the nozzle, where the jet would be applied to the turbine 
vanes, the jet is by no means in its best form for doing useful work. The 
'orifice in a thin plate' would therefore appear to be more applicable to 
reaction turbines of the Barker-mill type than to other forms. 

A large rounded inlet (II) appears to choke up the nozzle a little ; it gives 
maximum discharge, but at the expense of kinetic energy, that is, of the kinetic 
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FiQ. 47. — Roaenhain's Nozzle Experiments. 
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energy effective in an axial direction. This result is interesting when compared 
with Rateau's experimental results. Without this and Stodola's investigations, 
it would appear, prima fctciSy that the efficiency of convergent nozzles is unity, 
according to Rateau. 

The greatest efficiency appears to be obtained when the nozzle slightly 
under-expands, and the loss of energy increases rapidly with over- 
expansion. 

Too long a taper for the higher pressure nozzles is detrimental, as is also 
too short a taper. Mr Rosenfa^in considers I in 10, or I in 12, the best ratio. 
The De Laval nozzles, however, have a somewhat less taper than this — about 
1 in 20. 

The inlet end of the nozzle should not have a large radius of curvature 
(as in II) ; but, reviewing the conditions in the light of Professor Stodola's 
experiments as well, it appears that a small rounding-off is 
advantageous, as recovery from the initial shock takes place 
more rapidly. 

It also appears that a short convergent taper between 
the rounding-off and the throat would conduce to a quies- 
cent flow. 

In any case, however, it is seen that with a nozzle that 
is reasonably correct in shape, and that is not expected to 
work with pressures for which it is entirely unsuitable, an 
efficiency (velocity) of 95% may be relied on. This applies 
to nozzles of circular cross-section. 

Undoubtedly the efficiency is a little lower for square 
or rectangular nozzles, on accoimt of the natural internal 
instability of the jet. 

An appendage to a circular nozzle, to change the circular 
jet into a square or rectangular jet, also involves a loss of 
efficiency, rarely less than another 3 per cent, (velocity), 
and may often amount to 10 or 15 per cent., according to 
the way it is made, its continuity, and the condition of the 
surfaces. 

These are matters for which there is ample scope for 
future experimenters who are not under the restraint of private manufacturing 
enterprise. 

Professor Rateau has made a number of experiments, practically in two 
series and in a similar direction. 

In one series, instead of measuring the reaction of the nozzle, the energy 
of the jet after emergence was measured by means of a double U-vane mounted 
on a balance. Fig. 48. 

W 

The velocity is calculated by the formula P = — (v^ -h Vg cos ^) (theorem III.). 

If there is no f rictional or other loss on the vanes, r^ = v^. 

Rateau assumes the loss in the vanes to be very small, and he gets a 
combined efficiency of about 95% (velocity), or 90% (energy). 

These experiments certainly confirm the reliability of the 95% estimate 
before mentioned. 

The efficiency of a vane, however, varies considerably according to its 
radius, etc. With the best radius, commensurate with the size of the jet, 
98% vane efficiency (velocity) can be obtained, thus leaving about 96% for 
the nozzle in the above experiments. 




Fig. 48.— Rateau's 
Nozzle Apparatus. 
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Rateau's other series of experiments was directed to accurately measuring 
the quantity discharged through convergent nozzles. The modtu 
operaildi of the experiments differs from that of Rosenhain and others, in 
that Rateau used an ejector condenser, and measured the rate, etc. of the 
discharge of the total water, and the temperatures of the inlet and outlet 
steam and water. He was thus enabled to take a large number of readings 
very rapidly, and he considers that this feature presents an advantage over 
other methods, since the difficulty of keeping the conditions steady is 
eliminated. 

For a range of pressures from Ti to 1706 lbs. pressure, the difference 
between the actual and theoretical discharge (for steady unresisted flow) does 
not amount to more than about 2 per cent, as a maximimi. The mean 
discharge is 0*7 per cent, in eoccess of the theoretical discharge, and the experi- 
menter attributes this to a possible fluctuation of the thermometer zeros. 
Nevertheless, Rosenhain showed that the large roimded inlet, such afi that in 
Rateau's nozzles, tended to pass a maximum of steam. 

Rateau gives a very useful formula for calculating the expected 
maximum discharge per unit area from nozzles. As has been stated in 
connection with Rosenhain's experiments, the shape of the convergent part 
does not matter very much, except that a large rounded inlet, as II, tends 
to give a maximimi discharge. Also, as before, it does not matter much, so 
far as the quantity discharged is concerned, whether there is a divergent 
appendage or not, the area of the throat being the principal determining 
factor. 

All the following formulae apply to initially dry saturated Steam. 

Let I be the maximum discharge in grams per cm.^ per second, 

or D „ „ lbs. per sq. inch per second. 

Let P^ be the absolute inlet pressure in Kgs. per cm. 2, 

or pi „ „ . „ lbs. per sq. inch. 

Then I ^P^ (15-26 --96 log Pj) (C.G.S. units) (21) 

or D =i7i (-01704 - -00136 log pj) (English units) (22) 

The logarithms are ordinary logarithms. It goes without saying that 
the lower pressure which does not appear in the formulse is either equal to 
or below the critical pressure (-58^1). 

Example: Let|?i = 165 lbs. per sq. inch absolute. 

Then D = 165 (01704 - -00136 x 2-21748) 
= 165 X 01403 

= 2'31 lbs. per second per sq. inch of throat 
or 8330 lbs. per hour „ „ 

This will be found to be about that given by diagmm A. 
Grashof's empirical formula for maximum discharge, approximating very 
closely to the theoretical discharge, is 

1 = 15-26 Pi-ww(c.G.S.) .... (23) 
orD= -01 654^1 »«wi(Eugiish) . (24) 
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Example : Let p^ = l65 lbs. per sq. inch absolute. 

Then log D = log -01654 + -9696 log 165 

5-218536 + -9696 x 2-217484 
-368608 
D = 2 337 lbs. per second per sq. inch of throat 
or 8420 lbs. per hour per sq. inch of throat. 

This value is a little higher than given by diagram A. 
Rateau also gives empirical formulse for calculating the theoretical 
consumption of steam per horse-power per hour on a basis of the upper and 
lower pressures and adiabatic expansion, and for the velocity theoretically 
obtainable for a given drop of pressure. 

Let K be the theoretical consumption in kilograms per cheval per hour, 

or C be the theoretical consumption in lbs. per horse-power per hour. 
Let Pj, Pj and p^, pj ^ ^^® upper and lower pressures in C.G.S. and 
English units respectively. 

Then K^ .85^6-95^-92 log P, 

log Pi - log Pg 

or C=VS5 + VLp.Z^^lloS_.Pi (26) 

logPi-log;?2 
(ordinary logarithms). 

Example : Let p^ = l65 lbs. absolute 
^2= 3 lbs. absolute. 
Then C = l-85 + ?I:;«r^0281?ili5 
log 165 - log 3 
,Q.^ 17-66 -4-496 
= ^^"^ ^Y403— 
= 1-85 + 7-56 
= 9-41 lbs. per H.P. per hour. 

This is the consumption a theoretically perfect steam engine or turbine 
would require when working with steam initially dry saturated at 165 lbs. 
absolute and exhausting at 3 lbs. absolute pressure. 

The formula for obtaining the velocity of steam for a given drop is as 
follows : — 

Let V be the velocity in metres per second 

or V „ „ in feet per second. 

Then V'^100 /^l^ (27) 

or V =328/1^ (28) 

Example: Let C = 9-41 lbs. per H.P. hr. (theoretical). 

Then V = 328yijg 

•= 3670 feet per second. 
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The theoretical consumption can be obtained from (11), (12), or (13). 
In fact, this is necessary in the case of initially wet or superheated 
steam, as Professor Bateau's formulee only apply to initially dry saturated 
steam. 

For small departures from this condition the error involved by the use of 
the empirical formula is not great, and for many purposes the result is quite 
near enough. 

In many others it is, however, quite as convenient to use the one formula 
as the other. 

Thus if W (ft. lbs.) = work obtainable per lb. of steam by either (11), (12), 
or (13), as the case may be, 

^ 33000x60 
C= - ^- 

^ 1,980,000 ^29) 

This formiila has the advantage that it is applicable to drops of pressure 
to both above and below the critical limit ('58pj), whereas the Rateau 
formulee are limited to drops of pressure to below the critical limit. 

The necessary area of one or a series of nozzles for a given power may 

now be found as follows : — 

n 
Theoretical area of throat (aggregate) = - square inches per horse-power. 

If the probable actual consumption is known and equals C lbs. per 
H.P. hr.. 

Then throat area = A, = ^ . . . (30) 

If the lower pressure is greater than '58/?^ (that is, a small drop), A< is 
the area of the outlet orifice. 

If the lower pressure is less than '58pj the outlet area A^ is found from 

xy 
that is ^ = Vo^c' (31) 

where v is velocity obtained from diagram A, (10) or (28) according to 
circumstances, 
V the volume of C as dry steam in cubic inches, from steam tables, 
X the dryness fraction obtained from (8) or (9), or diagram A, according 
to circumstances. 
The single areas obtained above may be split up into a number of 
smaller ones according to discretion and the design. The use of diagram A 
is always recommended when at hand; and having obtained the necessary 
dimensions of the nozzles or fixed passages, an allowance of a 95 per cent, 
velocity eflficiency when applying the steam jets to the rotating members 
of the turbine will give the designer figures that are not far removed from 
the mark. 

The formulffi are more useful when the drop in pressure is comparatively 
small and the dimensions are obtainable in the diagram, although to get 
fairly accurate results even by calculation generally requires the use of three 
or four places of decimals. 
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Various writers appear to concur in the view that the best form of the 
divergent part of a nozzle is for it to be slightly concave ; indeed, as far as 
the utility of the emergent jet is concerned, this is obvious, if an approach to 
parallelism is desired. The point referred to, however, is the attainment of a 
maximum kinetic energy for the drop. 

Parenty deduces that the curve should be part of an ellipse, with the focus 
in the throat. 

The length is generally great enough for the elliptic curve to be 
approximated without calculations, which are necessarily complicated, and 
which would serve little useful purpose, especially as it is not by any means 
an easy matter to make a hollow nozzle, even when of circular cross-section. 
The difficulty is not lessened if a square or rectangular cross-section is 
adopted. Neither is it an easy matter to make the throat area, outlet area, 
and proper concavity perfectly related, and with continuous and equal longi- 
tudinal smoothness. Such work can be done, but the question of cost is 
important. 

In the previous chapter it was observed that ' head ' was a convenient 
expression for many purposes. In the case of water, the head in feet that 
will produce a given pressure or create a given velocity is a magnitude that 
is readily appreciable and has a concrete aspect. In the case of steam it is 
obviously not so. 

f^ 
In the equation h = --- 

suppose V = 2000 ft. per second ; 

then A=M^020 = 62.500ft. 

64 

CENTRIFUGAL EFFECT OF STEAM MOVING IN A 
CURVED PATH. — If the steam is perfectly dry when traversing a curved 
path, the approximate pressure at any zone of the stream is calculable. But 
if any water is present, it is practically impossible to obtain data for making 
a calculation of any value, or that will give results in accordance with 
observation. 

The water has a habit — if we may use the terms — of collecting in strings, 
and may or may not spread over the whole width of the curved surface of the 
vane or bucket. 

The position of these strings is not at all stable, and, with an apparently 
steady pressure, they take up first one position and then another. 

The greatest tendency is, nevertheless, to spread out over the whole of the 
curved surface, and to climb the side walls (or shrouding), in the manner 
shown in Fig. 8. 

The spreading out is a matter that takes time, and is dependent upon 
where the water strings happen to be located within the stream at its dis- 
charge from the nozzle. 

With rectangular nozzles there appears to be a tendency for the water to 
collect in the comers. 

When water is present the pressure on the concave or driving surface 
of the vane is invariably greater than when there is no water — as may be 
expected. 

The actual effect is modified by the presence of waves in the stream 
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(Figs. 41, 42, etc.). These waves are sometimes damped a little by the stream 
being forced into a new path, but they nevertheless remain of appreciable 

amplitude right through the vane passages, 
Z jy or at least nearly as far as they would in 

the undeflected stream discharg^ from the 




Fios. 49 and 49a. 

affect the matter, and may 
effecting the rotation.) 



The existence of a centrifugal effect re- 
quires the condition that the stream lines 
y shall be more or less concentric ; that is, 
the stream must be conceived to be a portion 
of a cylindrical volume of gas rotating with 
a certain angular velocity. 

If the stream lines are all of equal curva- 
ture, there can be no centrifugal effect. 

In cases where the trajectory or true 
path is very flat, as is the case in some 
types of turbines, the centrifugal effect is 
practically nil, and the vanes may be of 
uniform section, and not thickened in the 
middle. See Chapter VII. and pages 1 28, 1 47. 
THEOREM VI.— Let Fig. 49 represent 
an annular stream of gas rotating with a 
constant angular velocity oj. 

Let p be the density of the gas when not 
rotating, and let W be the total weight of 
the annular volume. (In the case of the 
volume between two vanes, as in Fig. 49a, 
W is the weight of the complete annular 
volume. The fact of the steam passing in 
at one end and out of the other does not 
simply be regarded as a mechanical way of 



Let 



9 



Then at any point A measuring from the plane XY 

and by integration 

k\ 2y '^V ' 



0) 



p=Ce 
where C is a constant. 
Further, 



whence by integration 






(2) 
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THE VELOCITY OF STEAM. 49 

Example : Let ^j = J inch = -0277 feet 
r2 = | inch =-02083 feet 
^-1 inch =-0833 feet 
|) = 100 lbs. absolute x 144 (lbs. per sq. ft.) 
velocity of steam = 1000 feet per sec. 

Then <«=''=iM = 4i220 



2 
and co« = 17x108 

W = ir(r,2-r,«)x/*p 

= 314 X 0003335 x 0833 x '2277 
= 1-985 xlO-» 

Now find C from (2) : 

W 6-28 X 32-2 x 6-326 x W/ lljl?^_'llf 5^*^, l^~* , \ 
^ j^-jQg —[e 64-4x6-326x10* -l) 

/ -0833 \ 

^ (,,6-326 xW_lJ 

/ -139 V 1-317 X 10-' \ 
= 7-53xl0-V -lAe -1/ 

= 7-53 X 10-»(1-149 - 1)(1-317 x lO"') 
-1-478x10-' 

Now find p at any desired zone from (1). 

Atr^: p=^Ce ^^^ 

In this expression any value of z from to 7^ may be neglected, as it has no 
appreciable effect, h must not, however, be neglected in (2). 



Ae ) 



Then ^= 13430V 

= 13430 xM49 
= 15430 lbs. per sq.ft. 
or 107'1 lbs. per sq. inch absolute. 

At rg : rj = r^ Therefore 

p = C = 13430 lbs. per sq. ft. 
or 93*4 lbs. per sq. inch. 

Thus the rotary motion causes the pressure to rise 7*1 lbs. at the outer 
zone, and to fall 6 '6 lbs. at the inner zone. 

Intermediate pressures may be found similarly. 
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50 THE THEORY OF THE STEAM TURBINE. 

EXPERIMENTS ILLUSTRATING THE PRESSURE 
OSCILLATIONS WITHIN TURBINE VANE PASSAGES. 

In these experiments a nozzle A of rectangular cross-section was used, 
haying a progression of area suitable for the drop from 150 lbs. (gauge) to 
atmosphere. 



Fio. 60. — Apparatus for observing Oscillations of Pressure within 
Turbine Vane Passages. 

The experiments were nevertheless made with a graduated initial pressure 
rising from 50 lbs. to 170 lbs. gauge. The steam supplied in the steam pipe 
was superheated to about 400" F. There would thus for the lower pressures 
be an additional superheat by wiredrawing at the controlling valve — but this 
is a matter that is comparatively immaterial in the present experiments. 



Digitized by 



Google 



THE VELOCITY OF STEAM. 



51 



The first series of readings were taken with the flat plate B, Fig. 50, 
fastened to the end of the nozzle. By means of sounding holes aaa the 
pressures were recorded by a sensitive com- Home imtigi pressure 

pound gauge. The apparatus as thus fitted $Buge pressure lits. 

up recorded the various amplitudes of the 
oscillations of pressure in the free space in 
front of the nozzle, the three remaining sides 
being open. 

The results are plotted in Figs. 51 and 52. 

Fig. 52 gives for each point of observation 
the variation of pressure in terms of the initial 
pressure. It will be observed that an insta- 
bility begins at about 90 to 100 lbs., and 
becomes more pronounced as the pressure 
decreases. This occurred to an extent which 
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Fio. 51. — Pressure Oscillations in free space 
outside Nozzle. 



Fig. 62, — Pressure Variations in 
free space outside Nozzle. 



was apparent visually, and below 50 lbs. pressure the jet broke away from the 
walls of the nozzle, the over-expansion being too great for it. 

On the other hand, there is little variation in the stability above about 
100 lbs. 
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Foinia of observation. 
Fio. 63. 



Pressure Oscillations transmitted through and 
created within ' open ' Vane or Bucket 
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Points of observation. 
Fia 54. 
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Points of observation. 
Fio. 56. 
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Fio. 56. 



Pressure Oscillations transmitted through and 
created within ' closed ' Vane Passages. 
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Fio. 67. 
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54 THE THEORY OP THE STEAM TURBINE. 

The second series of readings were taken witii the open bucket C attached 
to the end of the nozzle as shown. Sounding holes bbb were provided all 
along the curved path. 

The total length of the semicircular arc is about the same as the length 
of the flat plate B. 

The curves plotted are to a common abscissa. 

Figs. 53, 54, 55 record the results of this series. 

The third series were taken with the closing piece D (corresponding to 
the back of an adjoining vane) fitted in. The nozzle in this case was placed 
J inch away from the mouth of the bucket, so as to give opportunity for 
the pressure to be atmospheric at entrance (except for the superposed wave 
disturbance). 

The bucket passage was a little in excess of the area of the nozzle outlet 
area as shown. 

The results are plotted in Figs. 56, 57, 58. 

The general observations to be drawn from these experiments are — 

(a) That the external oscillations of pressure for a nozzle or expanding 
passage of the common rectangular sections that prevail in practice 
are quite as violent and extensive as with nozzles of circular section. 

{b) That the external oscillations are not only preserved, but appear to 
be considerably augmented in amplitude when constraining the stream 
to move in a circular path open towards the inside ; and 

(c) That there is a tendency for the oscillations to be damped down a 
little with the closed vane passage. 

The great increase in the amplitude of the oscillations by the introduction 
of a curved guide for the stream is remarkable, and is probably due to a 
combination of the true oscillations with oscillations due to the action of the 
guiding surface on the stream. 

Thus we might anticipate an abnormally high pressure at about points 
3 or 4 (especially if the ordinary oscillatory pressure were positive thereat, 
which it happens to be), followed by another abnormal rise at about points 
10 or 11, where the bulk of the stream would strike the curved surface after 
the first rebound. 

Given the two above occurrences, we should expect to find an abnormal 
rise of pressure on the back face of the closed bucket at about point 21. 
This appears to be the case. 

It may be suggested that the presence of the gauge holes on the surface 
would exert a disturbing influence. Possibly it does to some extent, but the 
main oscillations are certainly overwhelming. 

However, it was for the reason that a Pitot tube was not a very practicable 
device to apply to the curved passage that a similar perforated surface was 
used in the first experiments, so that in all three series conditions should be 
equal in this respect. 

Although the oscillations are of greater amplitude in the open than in 
the closed bucket, it is nevertheless a fact that in general the open bucket 
is a more efficient propulsive element than a closed bucket. 
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CHAPTER IV. 
TYPES OF STEAM TURBINES. 

Contents :~Simi^e Turbines ; Impulse Type— Pure Reaction Typ»— Oombined Impulse 
and Reaction Type— Compound Turbines, Impulse Type — ^Graduated Pressure Turbines 
—Graduated Velocity Turbines — Combined Graduated Pressure and Velocity Turbines 
— Compound Reaction Turbines, Pure and Mixed— General Remarks. 

GENERAL OUTLINE. — In the present chapter a classification of the 
leading types of turbines, now being manufactured, is presented. This is 
accompanied by a brief discussion of their principal features, to serve as a 
preparation for detailed description and more particular investigations. 

The diagrams which follow will largely be self-explanatory, so that descrip- 
tions of them will be curtailed as far as possible, 

SIMPLE TURBINES— IMPULSE TYPE— The velocity of 
the steam in a turbine of this description is generated in a nozzle or nozzle- 
like passage. The jet or jets impinge on the wheel (theorem III. and general 
case), and give up the whole or as much as possible of their energy to the one 
wheel. 

Fig. 59 is a diagrammatic representation of one form of simple impulse 
turbine, in which N represents the nozzle, 

W „ „ wheel vanes. 

Fig. 59a is a space — pressure diagram. 

Fig. 59b is a space — absolute velocity diagram. 

Fig. 59o is a diagram of velocities. 

As the pressure falls the velocity rises, and as the steam passes through 
the wheel vane passages the velocity falls to the absolute velocity at exit 
(A D), the pressure remaining practically constant therein. 

To take an approximate numerical example. Suppose the pressure drop to 
be from 160 to 3 lbs. absolute. The velocity created in the nozzle will be 
about 3660 feet per second, and by the diagram of velocities — taking no 
account of losses — the exit or waste velocity is 1080 feet per second. 

PURE REACTION TYPE.— As previously described, the velocity 
of the steam is generated in the nozzle or nozzles fixed tangentially in the 
rotor, and the rotation is effected by a reaction process in the manner of 
theorem V. 

Figs. 60, 60a, 60b correspond to Figs. 59, 59a, 59b respectively. In an 
approximate numerical example, suppose the initial and final pressures to be 
160 and 3 lbs. respectively as before, and suppose the peripheral velocity to 
be about one-half the head velocity, that is, 1830 feet per second. This speed 
is the approximate limit possible with the very best material and design. 

55 
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The peripheral pressure will, on account of centrifugal action, rise to 
about 240 lbs. when 160 lbs. is maintained at the centre. (See Chapter III.) 




Fig. 59a. 




4000 



Fig. 59b. 



..e-T^ 





Fio. 60. 



The nozzle velocity is therefore about 3830 ft. per second theoretically, 
and the final absolute velocity or waste is 2000 ft. per second. 
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COMBINED IMPULSE AND REACTION TURBINE.— 

In this type— corresponding to the general case of Chapter II. — a part of the 
velocity is generated externally to the rotor in nozzles, and the remainder of 

the head is converted into velo- 
city within the rotor passages. 

Fig. 61 represents the gen- 
eral disposition of the work- 
ing passages suitable for either 
simple' or compound turbines of 
the type. Note that the inlet 
nozzles cannot be isolated, but 
must extend all round as a 
complete ring. 

In a numerical example, with 
the same head as before, the inlet 
velocity is 2760 ft. per second, 
corresponding to a drop of pres- 
sure from 160 lbs. to about 21 
lbs. absolute in the nozzles. The 
velocity within the moving pas- 
sages is increased from 940 to 
2915 by the further drop from 
21 to 3 lbs. The waste velocity 
is 1331 ft. per second. 

This is, of 
course, an ex- 
treme case, and 
unsuitable in 
a practical 
machine, but 
the transforma- 
tions are pre- 
cisely similar in 
the compound 
turbine (type 
4) about to be 
described, al- 
Fio.610. though taking 
place on a 
smaller scale 
COMPOUND TURBINES— IMPULSE TYPE.-There may 
be almost endless varieties of compound impulse turbines, but they may be 
reduced in practice down to three broad classes. These may conveniently be 
designated respectively as (1) graduated-pressure turbine; (2) graduated- 
velocity turbine ; (3) combined graduated-pressure-and-velocity turbine. 

TYPE I. GRADUATED-PRESSURE TURBINE. — The 
process here involved is commonly known as ' compounding^ for pressure.' 
Fig. 62 is the pressure-space diagram. 
Fig. 62a is the velocity-space diagram. 

Figs. 62b and 62o represent a portion of a system of vanes in which the 
length of the vanes is constant, the increase of area necessary as the pressure 
diminishes being provided for by the stream spreading sideways. 
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Fig. 62a. 
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CJompound Impulse Turbine. Type 1. 
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Figs. 6 2d and 62e represent a portion of a system of vanes in which the 
side or peripheral width is constant while the length of vanes increases. 

In these diagrams extreme cases are illustrated, as it is often helpful to an 
appreciation of the various limitations arising from simple and apparently 
convenient mechanical assumptions. Thus, with fairly great ranges of 
pressure, neither arrangement would in general he practically possible, and 
a mixture of the two would be used. 

The approximate general arrangement of this and of the other types will 
be better understood by numerical examples. Round figures will suffice for 
this purpose, and the comparison will be on a common basis. 

It goes without saying that the main reason for compounding is to bring 
the velocity of rotation, with wheels of a manageable size, down to a limit 
suitable for purposes for which the simple turbine without gearing is 
unsuitable. 

Therefore, instead of a peripheral velocity of about 1500 ft. per second, 
as in the case of the simple turbine, a peripheral velocity of 500 ft. per 
second will be assumed as more likely to meet the mechanical requirements 
of the cases. 

Suppose in all cases the initial pressure is 160 lbs. absolute and the 
exhaust pressure 3 lbs. absolute. Theorem III. shows that with the perfect 
impulse vane arrangement the velocity of the vane should be one-half the 
velocity of the inlet stream in order to obtain maximum efficiency. 

It is shown in Chapter VI. that in practice a velocity of rather more than 
one-half the velocity of impingement ^ould give best effect. In the present 
case, suppose v-^Vy 

Now, refer to Diagram A. Starting from 160 lbs., it is found that to 
obtain a velocity of 2 x 500 = 1000 ft. per sec., the drop of pressure requires 
to be to 126 lbs. This determines stage I, that is, A to B, Figs. 62 to 62b. 

Then start with 126 lbs. for the next stage ; and so on. 

If the steam is re-dried between the stages to a;= I, a new polar line must 
be drawn for each pressure-step. 

If not re-dried between the stages, the lines drawn from each consecutive 
pressure-head will be parallel to the original (160 lbs.) polar line, since the 
wetness is cumulative. 

This last process may be shortened, since the scale of energy is of even 
pitch. To find, therefore, the terminal pressure at each stage, it is only 
necessary to intercept the distance representing 1000 feet per second, once, 
twice, three times, .... between the curved ordinate and the diagonal 
line through 160 lbs. Or, the same process may be effected on the energy 
scale, the energy for each stage being the same. Thus the pressures at the 
beginning of each stage are (approximately) 160, 126, 98, 77, 59, 45, 34, 25|, 
18, 14, lOJ, 7J, 5J, and 3f respectively. 

The number of stages required in this case is therefore 14. 

The number of stages can be foimd immediately by dividing the total 
energy available (209,000 ft. lbs.) by the energy corresponding to 1000 ft. 
per sec. (15,520). This gives 13^ stages, for the last drop, 3| lbs. to 3 lbs., 
does not quite give 1000 ft. per sec. 

If at the end of each stage the steam has a considerable residual velocity, 
that amount — either in velocity or energy — must be credited to the next 
following stage, and a few more stages will be required to complete the 
expansion. 

Form the broad outline of the method for ascertaining the constitution 
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Fio. 63 



of the turbine indicated above, the reader should have little diflSculty 

m applying the method to the more 
accurate determinations involved in a 
practical case where allowance has to 
be made for efficiency of nozzles, etc. 
These pomts are discussed in further 
detail in Chapter VI. 

TYPE 2. GRADUATED 
VELOCITY TURBINE.— In this 
method of compounding, which is com- 
monly termed 'compounding for 
velocity,* the whole head of pressure is 
converted into velocity in the first fixed 
passages or nozzles, as in the case of the 
simple impulse turbine. 

This high velocity of the steam is 
then exhausted in stages by passing 
through several series of moving and 
fixed vanes, in the manner indicated on 
page 20. Figs. 63 to 63c have similar 
significations to those they bore in the 
previous case. 
, Figs. 63b and 63c represent a system 

' of vanes in which the exit angles are of 

constant inclination, the increase of area 
required by the diminishing velocity of 
: the steam being provided for by an 
-increase in the length of the vanes. 

If the vane length be constant (a case 
which is not illustrated here), only two 
stages are even theoretically possible 
under the same conditions as in the 
previous case, and the efficiency will be 
very low. 

It is a very simple matter to find the 
approximate number of stages that are 
theoretically necessary. The velocity 
obtainable by the full drop, 160 lbs. to 
3 lbs. absolute, is 3650 feet per second. 
Divide this into 1000 ft. portions, and 
we have the result, which is remarkable 
as compared with that of the previous 
type, of requiring barely four stages or 
rows of moving vanes. 

TYPE 3. COMBINED 
GRADUATED - PRESSURE 
AND VELOCITY TURBINE.- 
This type bears some similarity to the 
compound or triple expansion engine, 
the turbine being divided up into two 
or more cylinders, in which the re- 
spective pressure-drop is performed in one operation. 



Compound Impulse Turbine. Type 2. 
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Fio. 64a. 




Fio. 64k. 



Ck>mpoand Impalse Turbine. Type 3. 
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Figs. 64 to 64b are a diagrammatic representation of this type of turbine 
in the three-cylinder or triple-expansion form. 

The relative conditions of the pressure and velocity will be recognised 
from what has previously been said. 

Figs. 64b and 64c represent systems of vanes in which the delivery angles 
of both fixed and moving vanes is constant. 

Figs. 64d and 64e represent systems of vanes in which the length of 
the vanes in each cylinder is constant. Supposing that the power to be 
developed in each cylinder is the same, the first step is to find the receiver 
pressures. 

If, as before, the total of energy per lb. of steam is 209,000 ft. lbs., the 
energy available for each cylinder will be 69,666 ft. lbs. 

Apply this measure- 
ment (Diagram A) by 
means of a pair of 
dividers between the 
160 lb. diagonal line 
and the curved ordinate 
Y Y, and it will be found 
that it corresponds to 
the 52 lb. pressure line 
(fig. 65). 

In a similar manner 
the correspondence of 
the length 139,333 ft. 
lbs. will be found to 
occur at the 14 J lb. 
pressure line (approxi- 
mately). The receiver 
pressures are therefore 
52 and 14 J lbs. respec- 
tively, without taking 
into account various 
losses or re-drying- ap- 
paratus. In any case 
figures under the same 




200.000 



Ft. lbs. per /b.st90m. 
FlO. 65. 



they will not be greatly different from these 
conditions of head. 

The nozzle velocity in this example is given by scaling off on the velocity 
scale. It will be found to measure 2116 ft. per second. 

Splitting this up into 1000 ft. stages as before, we have two wheels or 
rows of moving vanes in each cylinder. The total number of stages is 
therefore six.* 

COMPOUND REACTION TURBINES.^Pwre reaction turbine. 
— One form that this turbine can assume is a series of Barker-mills, each 
working in a separate compartment at progressively diminishing heads of 
pressure. This arrangement has been patented by Parsons (No. 8854 of 
1903), but has not been commercially worked, nor does it appear to be of 
any practical importance. The number of stages for the same pressure con- 
ditions is the same as for type 1 of the compound impulse turbines. 

TYPE 4. MIXED IMPULSE AND REACTION TURBINE. 
— ^This is the now well-known Parsons type of turbine and is commonly called 
* As a check on the work, note that 8(2110)S-3650>. 
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a * reaction turbine.' In a turbine of this type the expansion should take 
place from end to end of the turbine in a regular and continuous manner. 

Referring to page 13, it will be seen that the vane velocity is about the 
same as the absolute velocity of the steam at entry and exit. 

For the purpose of approximating the number of stages, these velocities 
may be supposed to be the same, and the vanes may be supposed to have a 
right angled turn. 



36a. 



iocky 
wsec. 



S6b. 



Compound Reaction Turbine. Type 4. 

Employing the same numerical quantities as before, the velocity generated 
m the fixed passages will be 500 ft. per sec. each, and the velocity generated 
in the moving passages will be also 500 ft. per sec. The exact process of 
absorption of the energy does not affect the problem. 

Now, as has been pointed out previously, this is not the same thing as 
generating 1000 ft. per second in one operation; for 4(500)2=10002. There 
are therefore 4 stages where there was only 1 stage in type 1, and the 
total number with the same data is 56. 

In this case, however, as expansion takes place in both the fixed and the 
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rotating members, the total number of pairs of stages — as compared with the 
numberH, which are numbers of pairs, found for the other types — is therefore 
28 j that is, twice as many as in type 1. The number will in practice be more 
than twice, since the diameter of the drums at the high-pressure end has 
necessarily to be considerably smaller than at the low-pressure end. This is 
not compulsory with either of the other types, although it is sometimes con- 
venient to make a little difference in the diameters. 

Figs. 66 to 66c typify the actual arrangement, and the relative quantities 
for these particular illustrations are given in the table on page 158. 

GENERAL REMARKS. — Pure reaction turbines, either simple or 
compound, have no commercial representative at present, nor indeed are they 
likely to have, because the problem of introducing steam into the rotating 
member is a very difficult one, although, judging from the Patent Office records, 
it does not seem to trouble the diagrammatic inventor very much. 

There is, however, no particular advantage attached to the type, and, as 
in practice the peripheral velocity would be. about the same as the emergent 
steam velocity, the advantage is certainly on the side of the impulse turbine. 

De Laval appears to have perfected the steam Barker-mill to a greater 
extent than anyone else, but he has now abandoned this type (page 25). 

In approximating the number of stages in the various compound types of 
turbine, the general method of procedure has been indicated and simple 
assumptions made. In practice, these assumptions have to be modified accord- 
ing to the superheating or dryness of the steam, the losses and the relative 
values in the velocity diagrams, and there are, in general, a few more stages 
required in each case. The previous examples are, however, all on the same 
footing, and are, therefore, legitimately comparative. 

The reader may, on finding that type 2 has only 4 stages, whereas the 
others require 14, 8, and 28 respectively, ask why this type is not recognised 
pre-eminently as the best? The answer to this question is that the high 
velocity of the st^am is rather unmanageable ; erosion of the vanes is serious, 
especially of those in the first row; the steam is always very wet when 
working ; and spilling and allied losses are prohibitively large. 

Erosion of turbine vanes may here be conveniently dealt with. 

The compound turbine of type 2 suffers far more from erosion than the 
simple impulse turbine working with the same head. In the first vane 
passages the relative velocity, or the velocity of the steam over the vane 
surfaces, is (in the numerical example) about 3150 feet per second, against 
1970 feet per second in the simple turbine. 

The immunity of the Parsons turbine from erosion has undoubtedly led 
many to suppose that erosion did not occur in other turbines ; and, conversely, 
the experience with some forms of turbine has led to a disbelief in statements 
as to the comparative absence of erosion in the Parsons turbine. The con- 
ditions are, however, enormously different ; and in turbines taking steam at 
a high velocity, this factor is not lightly to be ignored. 

Figs. 67 to 71 are micro-photographs of a few examples of the erosion of 
metals by wet steam (about "9 dryness fraction when in contact), moving at 
about 2600 feet per second over the surface. They are typical examples of 
an extensive series of tests made by the author. The results obtained from 
the tests suggest the following conclusions. 

Erosion is, as a rule, greatly aggravated by the presence of water in the 
steam, although with some bronzes the contrary appears to be the case, a 
certain amount of moisture acting as a lubricant rather than as an erosive 
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agent. The general condition for this occurrence is still doubtful, but probably 
has a direct relation to a critical peculiarity in the microstructure of the metal. 

In ordinary cases a rough notion of the relative erosive effect of steam 
with different degrees of wetness can be conveyed as follows : — Given the same 
velocity of steam — from 2000 to 2500 feet per second, say — with, in one case, 
about 98 per cent, dry steam, that is, before expansion, and, in another case, 
steam initially superheated, if only by 40* to 50° F., the relative erosive 
effect is about as 4 to 1. 

On the other hand, many metals — alloys in particular — appear to erode 
more rapidly as their temperature increases, and it frequently happens that 
nearly dry or even superheated steam having a comparatively low velocity — 
say, 1500 feet per second — occasions more erosion than wet steam. 

It is possible that the apparently arbitrary segregation of water referred 
to on page 47 considerably affects the resulting action, but to what extent 
is at present undetermined. 

The usual alloy for Parsons' vanes is 63 Cu + 37 Zn, but a zinc alloy is quite 
unsuitable for superheated steam or for high velocities, it being readily pitted 
and eroded, somewhat as in Fig. 71. Commercial copper (about 98 per cent.) 
has proved fairly satisfactory with high superheat, but for high velocities 
steel appears to be best. Cupro-nickel (80 Cu + 20 Ni) is an excellent 
material, and has the advantage of being non-corrodable. 

Wetness. — Since a practically impossible degree of superheat is neces- 
sary (800* to 1000* F. according to circumstances) for the steam to be dry at 
the end of its complete expansion, it follows that in any type of turbine 
without special reheaters, and inevitably so in type 2, wet steam is present 
at least in the low-pressure parts of the machine. 

In types 1 and 4 the wetness is the minimum possible at any point, since 
velocity is only generated as it is used. In type 2 all the velocity is generated 
at the outset, and therefore the steam at its full wetness has to be dragged 
through the turbine from one end to the other, not only increasing the 
erosion, but materially reducing the efficiency by an increased surface friction. 

The wetness of the steam in type 3 is intermediate between that in type 2 
and in type 1 or 4. It obviously varies between the two extremes according 
as the variety of the type approaches type 1 or type 2. 

In type 3, nevertheless, considerable difficulty has been experienced owing 
to the erosion of the first series of vanes, and it appears that it can only be 
combated by the use of very tough and fine-grained material. 

Spilling. — Another argument against type 2 is that, up to the present, 
attempts to make the steam traverse a series of more than three pairs of 
vanes with good economy have not been very successful. Even with three 
stages the efficiency is much lower than that of the other types, as will be 
explained more fully in Chapter VIII. 

It appears that if the passages are * open,' so that spurious expansions and 
contractions, other than those due to centrifugal action and to the waves created 
by the nozzles, do not occur, considerable loss is occasioned towards the end of 
the series by the stream breaking up and spilling. 

On the other hand, if the passages are * closed,' choking inevitably occurs, 
especially if the vanes are too short, as appears to be the case in many designs. 
If there be any choking, the full head is not available at the nozzles, and the 
velocity is short to start with. There is thus introduced into the process a 
certain similarity to type 4, with a consequent leakage over the vane tips, and 
other complications. 

5 
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Under these circumstances, the action is far too complicated to admit of 
even an approximately stable analysis. The fact remains, however, that no 
turbine of this type has yet been produced that will yield promising results 
from the point of view of economy. 

Type 2 is nevertheless very fascinating, as it solves — on paper, at least — 
the difficulty of getting a slow speed of revolution (or peripheral speed) with 
a minimum number of vanes. 

Type 3 has its present conmiercial representative in the Curtis turbine. 

Many varieties have been tried, but at the present moment that which 
receives most favour is the 4 cylinder or cell, 2 stages per cylinder, arrange- 
ment. Further, in connection with the previous remarks on type 2, it is 
interesting to note that the earlier machines consisted of two cylinders, and 
four stages in each, but are being abandoned in favour of the present arrange- 
ment. It * has been stated also that experiments are being made with a view 
to applying 6 stages to the larger turbines. 

TTie tendency is there/are for the practical development of type 3 to approach 
thai of type 1. 

Professor Kateau t has ventured the opinion that type 3 will ultimately 
disappear, resolving itself into type 1. It is to be hoped that this will not be 
the case, as the survival of type 3 undoubtedly tends to a less expensive turbine 
than does type 1. 

It has been shown that, for type 1 to have the comparatively low peripheral 
speed of the Parsons turbine, the number of wheels is necessarily large ; and 
when the reader makes acquaintance with the proposal that turbines shall 
have about 4 or 5 cells, and one row of vanes only in each cell, he will 
appreciate the fact that the turbine wheels must have (for a compoimd form) 
the very high velocity of about 850 feet per second, and that any claims to 
their having a low speed of revolution must be investigated in relation to the 
diameters of the wheels and to the disc and vane friction. 

In general, types 2 and 3 are short turbines with large wheels as compared 
with the average size of the Parsons drums, and types 1 and 4, as at present 
made, are long small-wheeled turbines. It must, however, be understood that 
these are to a certain extent matters of arbitrary practical convenience, 
although disc and vane friction (see Chapter XI.) is in either case a dominant 
factor. 

* Engineering, vol. Ixxviii. p. 208. 

t Paper, InstM.E. and A.S.M.E., Chicago, 1904. 
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PRACTICAL TURBINES. 

Contents :— Simple Impulse Turbines— The De Laval Turbine —The Pel ton Wheel— Rateau 
Steam Pel ton Wheel — Riedler-Stumpf Turbine— Compound Turbines — The Rateau 
Turbine— The FuUagar Turbine— The Zoelly Turbine—The Stumpf Turbine— The 
Curtis Turbine— The Parsons Turbine — Modern Parsons Turbine — Other Turbines— 
Double-motion Turbines. 

SIMPLE IMPULSE TURBINES.— The first turbine of this type to 
attain any commercial success was the De Laval turbine. 

The fundamental patent feature of the De Laval turbine is the * expand- 
ing nozzle' (Patent No. 7143 of 1889), the function of which, as has been 
explained, is to obtain an approximately linear jet of steam having a kinetic 
energy corresponding to the complete drop of pressure. As the De Laval is 
solely a simple (i.e. one-stage) turbine, the drop of pressure is that of the 
boiler pressure to condenser or atmospheric pressure, as the case may be. 

It follows, therefore, that the wheel must have a very high peripheral 
velocity in order to have any degree of efficiency ; and unless wheels of very 
large diameter (10 feet or more) be adopted, gearing is necessary to reduce 
the high speed of rotation to practicable limits. Since, without gearing, wheels 
of the same diameter would be necessary for the smallest as for the largest 
units, the cost of plain wheel turbines for small units would be prohibitive. 
With small wheels and gearing, however, the contrary is the case with the 
De Laval turbine. It is for this reason that great attention has been given 
to the gearing, with the result that the latter is the prominent feature of this 
turbine. As a small unit it has earned a well-merited success owing to careful 
design and workmanship, but it has yet to be proved that this success can be 
extended to sizes much larger than those common at present. 

The following table gives the approximate speeds of turbine shaft and main 
driving shaft for various sizes. 

Table II. 



Size of Turbine. 


Mean Diameter 
of Wheel. 

100 mm. or 4 in. 

150 „ 6 „ 

225 „ 8i „ 

300 „ Hi „ 

: 600 „ 19| „ 

1 760 „ 80 „ 


Speed of Turbine Wheel. 


Revolutions 

of Driving 

Shaft 


Revs, 
per min. 


Peripheral 

Speed, feet 

I per second. 


6H.P. 

15 „ 

30 „ 

50 „ 

100 „ 

300 „ 


30,000 
24,000 
20,000 
16,400 
13,000 
10,600 


1 515 

1 617 

774 

846 

1115 

1878 


3000 
2400 
2000 
1500 
1050 
750 
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Fio. 72.— 20 H.P. De Laval Turbine. 



A. Steam stop valve. 

B. Steam chest cover. 

C. Steam sieve. 

D. Governor valve or throttle valve. 

E. Steam chest. 

F. Turbine wheel. 

O. Shaft for belt pulley. 
H. Pinion. 
J. Gearing wheel. 
L, Flexible shaft, 
if. fi«lt pulley. 



N. Exhaust outlet. 
O. Cover for exhaust chamber. 
P. Ball bearing. 
R. Exhaust chamber. 
S. Tightening bearing. 
T. Gear case. 
U. Sight-feed lubricators. 
V. Drain cock for steam chest. 
X. Centrifugal governor. 
F,|Z. Safety bearings. 
A. iBolaUng plate. 
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Fig. 72 is a general section of a 20 horse-power De Laval turbine, and 
Fig. 73 of a larger size — 300 horse-power. 

The steam is supplied to a series of nozzles arranged at intervals around 



Fig. 73.— 300 H.P. De Laval Turbine. (Refer list on Fig. 72. ) 

the periphery of the wheel, and usually controlled by separate shut-ofF valves, 
regulation being effected by opening or closing the valves by hand for large 
permanent variations of load, and by throttling in the ordinary manner for 
small fluctuations of load. 



C(UUUU(UU 

Fio. 74. — Arrangement of Nozzle and Shut-off Valve. 

Fig. 74 is a section through a nozzle and shut-ofF valve, and Figs. 75a and 
75b are alternative sections of the wheels and vanes. 

It will be observed that although the wheel vane passages are approxi- 
mately rectangular, the ends of the nozzles retain their circular form, and are 
not squared off" as in some other forms of impulse turbines. The section of 
the nozzles abreast of the wheel vanes is therefore elliptical. 
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For a simple impulse turbine this construction involves very little loss of 
energy, probably much less than the loss of nozzle efficiency occasioned by 
converting the round into a square or rectangular section, since with the 

conversion it is very difficult to provide 
steady lines of flow. 

Since the vane passages in the De Laval 
turbine are * closed,' a certain loss of efficiency 
may result from the longer period of aspira- 
tion of the surrounding dead steam into those 
passages that do not get a plenum of live 
steam at first. Thus in Fig. 76 the passages 
A, B, C, D would only be partially filled with 
live steam, and a quantity of the external 
dead steam would be drawn in, injector 
fashion. 

The general result is a lowering of the 
effective inlet velocity, Vj. A similar process 
will occur at both ends of the ellipse. 

On the other hand, the partial covering 
at the inlet ends of the orifice is of advantage 
in starting the dead steam within the pas- 
sages more gradually into motion, so that 
loss by shock when those passages arrive 
opposite the full body of the jet is lessened. 
Similarly, at the other end of the orifice the 
shock of aspiration is rendered less abrupt. 

That loss arises through this kind of 
shock when the nozzles are placed widely 
apart is unquestionable ; and it is probably 
chiefly for this reason that an efficiency of 
nearly 2 5 per cent, more has been obtained 
in an experimental case with a series of ten 
nozzles merging one into the other, than was 
given by a similar series of isolated nozzles 
(Delaporte). 

On the whole, however, the total losses 




Figs. 75a and 76b. — De Laval 
Turbine Wheels. 




Fig. 76. 



with the circular isolated nozzles, which, in the De Laval turbine, embrace a 
comparatively large portion of the periphery, are not great, and any lack of 
uniformity in the geneml cross-section of the stream leaving the wheel is of 
little moment, since there is not required to be any accurate collection of the 
stream at the exit from the -passages in order to pass it on to another wheel, 
as in the case of some compound turbines. 

It is necessary to mount a turbine wheel rotating at these very high 
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velocities in a somewhat different manner than is the custom with ordinary 
slow-moving wheels. It is practically impossible to make a turbine wheel 
disc so that its mass centre shall perfectly coincide with the geometrical 
centre. By an arduous process of adjustment a fairly good job can be made 
of it, but beyond a certain limit this becomes costly. 

It is obvious that, even when only minutely unbalanced, very high 
centrifugal forces will be set up at the enormous speeds these wheels have 
to attain. Two remedies are, fortunately^ open : either to make the shaft 
and bearings rigid and ample in order to counteract these forces, or to 
make the wheel and shaft system flexible enough to adjust itself so 
that the mass centre of the system coincides with the geometrical centre 
of rotation. 

It has been discovered that, up to a certain critical speed, the vibrations 
of a flexible system increase, beyond which speed they practically cease. 
Secondary critical periods have also been observed. Recently Professor 
Dunkerley has made a series of special experiments with 
apparatus of elementary form, and has established a very 
close agreement between the observations and a semi- 
empirical mathematical analysis he had also evolved. Dr 
Chree, however, appears to consider that Dunkerley's 
analysis may be very much simplified. His formulae are 
given in Chapter XVI. 

De Laval has preferred the flexible system of mounting 
his wheels, and it is found that vibration is absent provided 
that the critical velocities do not synchronise with the 
intended speed of rotation. The De Laval wheels usually 
rotate at a speed of about seven times the principal critical 
velocity. The margin here is therefore ample, and the risk 
of hitting secondary periods very small. 

As has been shown, the De Laval vane passages are 
'closed.' Several varieties of *open' vane impulse tur- 
bines have, however, also been made. 

Open vane turbines may be either single-throw or 
double-throw. In the former, which corresponds to the Fig. 78. 

closed-vane arrangement, the jet of fluid enters at one side 
and emerges at the other in the usual way, thus ; Fig. 77. In the double- 
throw arrangement the jet is split up into two streams, thus ; Fig. 78. 

The latter arrangement has the great advantage that side spilling, owing 
to a slightly inaccurate projection of the jet, is avoided. 

Open buckets or vanes generally have a complete turn of 180 degrees 
in one plane. In any case, however, the entrance edge is preferably in the 
direction of the jet in that particular plane which is tangential to the 
wheel 

The double-throw water turbine is known as the *Pelton Wheel,* 
and is one of the most efficient forms of impulse turbine. The steam 
Pelton wheel does not, in any form yet constructed, attain a similar 
efficiency, the respective maximum values being about 65 and 80 per cent. 

THE RATEAU STEAM PELTON WHEEL, which is to be 
distinguished from the modem Rateau turbine, was invented by Professor 
Rateau, who was one of the first to design a steam Pelton wheel that went 
beyond the toy stage. 
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Figs. 79, 79a, 79b illustrate the general features of this wheel. The 
turbine wheel consisted of a steel disc having vanes cut from the solid rim. 
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The shaft was suspended in the De Laval manner, although differing some- 
what in design. 
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This turbine did not attain any great succesu; and indeed it is fairly 
obvious that spilling, due to the stream spreading while in contact with the 
yanes, must have been excessive. 

A very simple experiment with a jet of steam impinging on a curved 
plate wide enough for the purpose shows that, for a semicircular vane, the 
jet may spread from about four to ten times its width at entry. The 
amount of spread naturally depends on the velocity of the steam and the 
radius of curvature of its path. The above figures are based on the usual 
proportions. 

Thus in Fig. 80, if there be no retaining walls and the vanes be of 
approximately the same width as the entering jet — ^as in the Rateau wheel — 
the immediate waste of energy is represented by A B C and D E F. 

With proportions somewhat as represented in Fig. 80 the experimentally 
determined loss of pressure on the vane is 
about 24 per cent, with only one retaining 
wall away, and 42 per cent, with none. 

RIEDLER - STUMPF TUR- 
BINE. — An open bucket turbine that is 
at present being manufactured by the 
Allgemeine Elektricitats - Gesellschaft of 
Berlin is known as the Stumpf or 
Riedler-Stumpf Turbine. 

This turbine has attained a fair measure 
of success. 

Fig. 81 shows portions of the bucket 
construction, which may be either single or 
double throw. 

The bottom or working face A of the 
buckets are semicircular, and are milled 
from the solid rim of steel by a stepped 
milling cutter B. The portions C between 
the buckets are then thinned down by 
another cutter so that a comparatively 
sharp dividing wall edge is presented to 
the steam jet. The width of the flange D 
is such as to fully retain the stream within 
the bucket. 

The makers of this turbine have not followed De Laval in adopting a 
speed-reducing gear. 

Instead of making small wheels to rotate at a very high speed, the 
Stumpf wheels are of considerable diameter, and, the allowable peripheral 
speed being the same as in the De Laval, a lower and more manageable 
speed of revolution is obtained. The difficulty of construction is, however, 
transferred from the gearing to the production of large wheels of homogeneous 
composition and accurate balance. 

The discs require most careful workmanship, from the steel-maker onwards. 
The factors of safety common in ordinary engine design (from 8 upwards) 
are, however, unnecessarily high, and a factor of 2^ to 3 is considered 
ample, especially when the elastic limit of the material is above, say, 65 per 
cent, of the ultimate tensile strength. This fact somewhat simplifies the 
problem. 

For wheels rotating with peripheral speeds of 1200 to 1500 or more feet 




Fig. 80. 
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per second the mild steel in common use for engineering structures is quite 
unsuitable, both on account of its having too low a tensile strength and on 




Fig. 81. 




Fig. 82.— 2000 Kwt. Stumpf Turbine. 

account of its general lack of homogeneity. It must not be forgotten that the 
production of a steel forging of even approximately homogeneous structure is 
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one of the most difficult of metallurgical problems, whether the work be done 
by hand or press. Large forgings are in this respect often little better than 
castings, although capable of withstanding a higher mean stress. 

Simple one-disc Stumpf turbines have been made as large as a 2000 




Fio. 83. 



kilowatt size, the turbine being direct-coupled to an electric generator. 
Fig. 82 illustrates a 2000 kilowatt turbine installed at Moabit, Berlin. This 
machine has a disc 6J feet diameter, constructed of 10 per cent, nickel 
steel. The speed of revolution is 3800 per minute, and the peripheral 
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Fig. 84. 



speed 1290. Two bearings are provided for the turbine shaft in this 
particular instance, but in more recent examples the wheel is overhiuig, and 
there are thus only two bearings for the turbine and generator — a much 
better arrangement. 

Figs. 83 and 84 illustrate some of the details of this machine. 

The nozzles are of nickel steel, in order the better to withstand rusting. 
The nozzles proper are of circular section, being bored out, but have their 
ends drawn out square, so that the steam issues in more or less rectangular 
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jets. Inserted in the nozzle ring, they form a continuous nozzle orifice around 
the wheel. 

The radial clearance between the wheel and nozzle orifices is *12 inch, or 
tangentially the bridging space for the steam jets is -39 inch. It is stated 
that this clearance may be nearly doubled without affecting the economy. 

Single wheel turbines of this description without gearing are more 
profitably made for large units than small ones ; in fact, disc and vane friction 
also, if of the common type, is so large as to render them prohibitive for small 



Fio. 85. 

A, Bedplate. M, Friction pinion to governor and oil 

Bf C. Casing. pnmp shaft. 

D. Bearing cap. 0. Oil pump eccentric 

E, Fixed vanes. P, Q, Q^, Centrifugal governor. 
E^, E3. ,, „ attachments. E, B^ R^. Governor valve. 

Ft FK Moving vanes and discs. N, Friction gear wheel. 

C, O^, High and low pressure ends. S. Inlet cavities to fixed vane passages. 

Hy W, High pressure gland. T, Exhaust branch. 

K, K}, Flexible bearincs. J, J^, Shaft. 

L, V, Longitudinal ao(justment. r^rx. Hubs of rotating discs. 

Jf, Y. Oil pipes. 

units. They therefore begin at the point at which the De Laval may be 
said to leave off. 

COMPOUND TURBINES. TYPE i. — One of the essential 
features that must be embodied in any design of this type is that the chances 
of leakage between each cell or its equivalent shall be reduced to a 
minimum, and that the form of the passages between the vanes shall be 
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such that expansion and creation of velocity in the steam shall only take 
place in the fixed passages. This being so, it follows that, as there is no 
drop of pressure between the one end and the other of the moving 
passages in any one cell, the clearance between the moving vanes and the 
casing is a matter of comparatively small moment, and may be of a comfort- 
able magnitude. 

The clearance between the fixed vanes and the rotor must, however, be 
reduced to a minimum, to prevent leakage arising from the difference of pres- 
sure between the inlet and outlet of those passages. 

In most of the arrangements of this type these clearance spaces 
are brought down to the shaft, which is obviously the position where 
leakage can best be reduced to a minimmn with the least risk of dangerous 
fouling. 

A turbine of this type was designed and patented by Parsons in 1890 
(No. 1120). The arrangement is somewhat unique in being radial inward 
flow in a parallel series. The construction of this turbine is shown in 
Fig. 85, E being the fixed passages or nozzles through which the steam 
flows from the outer annulus S. The arrangement illustrated has 13 cells, 
and it will be observed that the only intercellular leakage spaces are those 
between the outside of the hubs r and the diaphragm plates. 

There are many objections to 
this turbine, the chief being the 
large contact surfaces for the live 
flow and the comparative costli- 
ness. It was not further de- 
veloped, and has been abandoned 
in favour of the present type of 
Parsons turbine (type 4). Many 
of the details — bearings, etc. — 
however, survive in a perfected 
form to the present day. 

THE RATEAU TUR- 
BINE.-- Professor Rateau has 
arrived at a very satisfactory 
solution of type 1 in the form of 
a parallel-flow turbine. Fig. 86 
illustrates the essential mechan- 
ism of the Rateau turbine. In 
this form the only leakage spaces 
from cell to cell are at the wheel 
hubs as before. 

The general construction and Fio. 86. 

arrangement of parts is also indi- 
cated in Fig. 87, which illustrates a 375 kilowatt turbine (one of three) 
installed at the Peiiarroya mines in Spain for electric lighting. 

Each cell diaphragm j is made of thin plates, dished slightly conical, 
and riveted to a hub and rim casting, which is turned to fit a recess in the 
casing. The fixed vanes are inserted in openings in the rim, these openings 
extending peripherally as the pressure becomes lower. The hubs are 
bushed with antifriction metal, but have an easy clearance around the 
shaft. Leakage from cell to cell can therefore only occur through the 
clearance at the hub. 
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The rotating vanes are attached to similar dished plates h riveted to hubs 
which are keyed to the shaft. (See also detail on page 171.) 

A steel shrouding is riveted all round the tips of the vanes, more especially, 
it is stated, in order to maintain accurate spacing and to give greater integral 
rigidity. 

Ample clearance is given between the shrouding and the casing. 

There are thus no fine radial clearances to complicate the problem of 



fitting and erection, and the arrangement facilitates accuracy in centering. 
In the event of slight distortion of the casing or rotor by heat and expansion 
no serious damage is done, since the hub liner readily wears away by contact 
with the shaft. 

The usual clearance between the bushes and the shaft is about j^j^ inch, 
and the clearance between the wheel peripheries and the casing varies from 
about \ to Yw ^"^^> ^^^ ^^^ makers do not trouble about giving it a precise 
value. 
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It will be observed that each rotating disc is fully exposed to the 
pressure in its particular cell, thus presenting a very large surface for 
*disc friction/ 

A cursory glance at the experiments with the De Laval turbine (see 
Chapter XI.), and at the general experiments on fluid friction, prima faeie^ 
induced the opinion that the Rateau and kindred turbines might suffer severely 
in economy by disc friction. This, apparently, is not necessarily the case, 
and Professor Rateau states that in turbines of 1000 to 2000 H.P. this 
friction only amounts to about 2 or 3 per cent, of the maximum power. 

At the same time, the contingency is by no means one to be ignored, and 
it is not difficult to design a turbine that shall unsuspectedly demand a 
prohibitive degree of power to merely drive it around. There is, or should 
be, little or no longitudinal thrust in this type of turbine, since the pressure 
is the same on lx)th sides of any one moving disc. In the case of the Rateau 
marine turbine the last four or five rows of vanes are not confined to separate 
cells, but are mounted on a common drum. The two flat sides of this drum 
are therefore exposed to the pressure at, say, the fourth row from the end 
and to the final pressure respectively, thus producing a certain longitudinal 
thrust, which is used to counterbalance the thrust of the propeller. A small 
end thrust must in any case occur if there is much loss of relative velocity 
through the vane passages, arid it is also varied by the inlet and outlet vane 
angles. In the Rateau turbine these angles are usually the same. 

The bearings do not greatly differ from the ordinary construction of high- 
speed bearings. In the early turbines both bearings were embodied in the 
casing covers, and were themselves the glands as well. Leakage of air 
through the low-pressure bearing was prevented by means of an oil seal, the 
oil being forced in at a pressure of about 15 lbs. per square inch. This 
arrangement of bearings has since been abandoned, because leakage of oil 
into the vacuum space and condenser became a serious matter. The bearings 
are now made external to the casing, and the well-known method of ring- 
lubrication is generally adopted. 

The Rateau turbine is being made by Messrs Sautter, Harle et Cie., of 
Paris, and has achieved a success that places it in the front rank. 

The Fulla^^ar Turbine. — At the present moment this turbine is not 
being manufactured, but it is chiefly interesting on account of its radical 
difference in constructional detail from the Rateau and other turbines. 

Fig. 88 illustrates the general arrangement of parts, and Fig. 175, 
page 171, shows details of the vanes. £ach rotating and each fixed element 
consists of a flat plate lightened out, yet thick as compared with the Rateau 
discs. 

The clearance between the fixed and moving plates is large, but, at a 
convenient place near to the shaft, the device illustrated in Fig. 89 is 
suggested. 

P are thin strips of metal fitted into annular grooves. They have a 
minimum clearance between their tips and the contiguous plate which moves 
relatively to them. As will be seen, the arrangement is intended to bafile 
the passage of steam ; and further, it is claimed that, in the event of any 
considerable lateral displacement of the rotor in the direction of fouling, the 
tips of the thin strips would be immediately scored ofl* without doing any 
damage to the turbine as a whole. 

THE ZOELLY TURBINE.— The details of this turbine are in- 
tended to differ from those just outlined. The essential feature of the turbine 
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as patented (Pat. No. 18979 of 1899) consists in the spoke-like construction 
of the wheels. This is illustrated in Fig 90. 



4J 

^& .sf 

S.S -o ° 

•Si .^JS 



J 4 



2 



o 



SS 




s 

■a 

tcZ. • '71 fl d ® ^ 



The vanes a are in the form of spokes, thick at the hub and tapering 
to the proper vane shape at the periphery, where the steam impinges. By 
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this method of conBtruction the stresses due to centrifugal force are, it is 
claimed, reduced to a minimum. 

The vanes are also stronger than those of uniform section, to resist the 



Fio. 89. Fio. 90. 

bending moment due to the impulse of the steam. It is claimed there- 
fore that, for a wheel of given diameter, the working depth of vane and 
the speed of rotation may safely be greater than for a turbine constructed, for 
example, on the Rateau plan, and the number of stages may in consequence 
be less. 



Fio. 91.— Zoelly Turbine. 

The patentees, however, make no reference to the strength of the side discs 
which enshroud the wheels up to their working zone. Whatever may be the 
true theory of rotating discs, the stresses set up in these discs are neces- 
sarily high, quite independently of the stresses due to external loading (that 
is, carrying the vanes and resisting impulse), and which are in most cases 
comparatively small. Moreover, the stresses will certainly not be reduced 

6 



Digitized by 



Google 



82 



THE THEORY OF THE STEAM TURBINE. 




Digitized by 



Google 



PRACTICAL TURBINES. 



83 



by the irregular shape of the discs here illustrated, and may even be 
seriously increased. 

Fig. 90 has particular reference to a simple turbine, but the construction 
applies equally to the compound variety. Fig. 91 illustrates the low- 
pressure portion of the compound Zoelly turbine (Pat. No. 1062 of 1902), 
which is of the usual parallel-flow form, the high pressure being a semi-radial 
flow, as shown in Fig. 90. 

Figs. 92, 93, and 94 illustrate the Zoelly turbine as recently constructed 
by Messrs Escher, Wyss & Cie., of Zurich. 

It is rather difficult at first glance to reconcile the details of this 
later construction with those of the original patents, and its approxi- 




Fig. 98. 



a. Steam pipe. 

ft. ,, regulating valve. 

e. Relay for working regulator. 

d. Wheel discs. 

e. Diaphragms. 

f. „ outer rings. 

g. Moving vanes. 



k. Distance-pieces between vanes, 

t. Retaining flanges on vanes, 

y. Guide or nozzle vanes. 

k. Distance-pieces between groups of nozzles. 

/. Guide vane retaining rings. 

771. Slots in wbicb guide vane lugs are inserted, 

n. Lugs to fit in the slots. 



mation to other and more usual forms is distinctly noticeable. The vanes, 
however, are constructed after the pattern previously described, although 
in a considerably less pronounced manner. They are made of nickel steel, 
milled out by special tools, and highly polished on the faces, thus possessing 
great strength, accuracy, and resistance to erosion. External shroudings to 
the vanes are not fitted as in the Rateau and FuUagar turbines. The 
steel distance-pieces h are bevelled ofi* to give the increase in area required 
for the steam as its velocity diminishes by imavoidable friction through 
the vane passages. 

The side shrouding discs of the original design have disappeared altogether, 
and only the lip flanges i remain to hold the vanes in place. The disappear- 
ance of the side shrouding of Figs. 90 and 91 is not surprising, for, since 
distance-pieces do not seem to have been proposed, it is obvious that the 
stream of steam passing over the vane would spread out and into the 
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triangular spaces between the lower part of the vanes, so that a portion 
of the steam would never escape in a proper manner, but cause considerable 
resistance by choking up and creating eddies. This modified construction 
is claimed under Patent No. 5729 of 1904. 

The wheel discs d are of forged mild steel and are highly polished. The 
diaphragms e are of cast steel and the outer rings/ of forged steel or wrought 
iron. Each ring abuts on its neighbour, and circumferentially enshrouds 
the rotating vanes so that end thrust on the diaphragms is taken up by 

one collar only on the casing. 
The hul» of the dia- 
phragms are not specially 
lined with other metal, but 
are bored out to an easy 
fit over the shaft, and are 
grooved on the bore in order 
to choke leakage. 

The guide vanes j are of 
sheet steel ; their lugs n fit 
into slots m, and the rings I 
retain the complete series in 
place. The outer ring / is 
retained rigidly in its proper 
place by the distance-pieces k, 
which at the high-pressure 
end of the turbine extend 
over a considerable arc, and 
gradually decrease to a 
minimum width at the low- 
pressure end. 

The steam admission is 
therefore partial, as in the 
Rateau and Fullagar tur- 
bines. The diaphr^^s are 
in halves, the joints being 
flush with the casing joints. 
The top halves are bolted to 
the casing top half, and are 
removable therewith. 

All joints are scraped 
Fio. 96.— StumpfComiK)und Impulse Turbine (Type 1). true, so that thick jointing 

material is unnecessary. 
A small thrust bearing is fitted to ensure longitudinal adjustment. The 
bearings are external to the casing, and are elastic or rigid according as the 
speed contemplated is above or below the probable critical speed of rotation. 
Forced lubrication is applied to the bearings by means of a rotary pump. 
The governor is of the throttle type, and is described on page 225. 

THE STUMPF TURBINE.— (r^^pe 1.)— The Stumpf turbine, pre- 
viously referred to as a simple turbine (page 73), has been compoimded in 
the manner of type 1, although it has fewer stages than the Rateau and other 
types, high peripheral velocities still being retained. 

Fig. 95 illustrates an arrangement with four stages, combined with an 
electrical generator overhead and a centrifugal jet condenser below. 
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Leakage of steam between the stages — which have a much gi-eater differ- 
ence of pressure than in the Rateau and other multi-staged varieties of type 
1 — is reduced to a minimum by floating sleeves, which fit the shaft as a 
bearing, but are not true bearings. 

The main bearing is the large one between the alternator and the turbine, 
the bottom and top bearings serving to steady the arrangement. 

TYPE 2. — The early history of this type has been outlined in Chapter 11. 
The author is not aware that it had ever got beyond the stage of suggestion 
until quite recently. The type has, however, received closer attention of late, 
although with no great promise of success compared with that of other types ; 
and, after a consideration of 
the general diagram efficiencies 
given further on, it will be 
seen that there is not much ^ 

chance of the type surviving. 

Sanguine inventors still, 
however, continue to take out 
patents on the same lines ; and 
possibly, with a more perfect 
elimination of the many sources 
of economy deficiencies, the type 
may attain a certain degree of 
commercial utility, although 
this is very doubtful indeed. 

Mr Terry, of Hartford, 
U.S., has made and patented 
a small turbine which is illus- 
trated in Figs. 96, 96a, and 96b. 
It has only one wheel, the stean\ 
being returned as many times 
as it can to the same row of 
buckets. The latter are of the 
*open' type, and the novelty 
mainly lies in the method of 
construction. 

The buckets h are made of 
steel stampings, packed together 
to the propel* angle and held in 
place by the side plates. The sides of the buckets are slightly curved, so 
that the passage for the steam is of constant width instead of tapering, as, 
for instance, in the Stumpf turbine (Fig. 81). The steam finally escapes 
by the hole /i, and thence to the exhaust pipe. 

A few of the leading dimensions are as follows : — Wheel 2 feet diameter, 
70 buckets, 2 J inches wide, 1 inch pitch ; 30 horse-power with 145 lbs. steam, 
non-condensing, 2600 revolutions, peripheral speed 260 feet per second, con- 
sumption stated to be 32 lbs. per B.H.P. ; speed condensing 3300 revolutions, 
peripheral speed 330 feet per second, steam consumption not published. 

Attention may conveniently be here drawn to another objection to this 
method of compounding when applied to the same wheel. The greater the 
number of returns the steam makes, the lower is the peripheral velocity 
possible ; and the lower the peripheral velocity, the less opportunity the steam 
has for reflection into an adjoining bucket to that from which it issued. 




Fio. 96a. 



Fig. 96b. 



Details of Terry's Turbine. 
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Buckets. 




Fixed 
Vanes or 
Buckets. 



For instance (see Fig. 100), for an initial steaoa velocity of 3000 and a 
bucket or peripheral velocity of 300 (giving theoretically five stages or four 
returns), the bucket cannot proceed further than a distance equal to 174 of 
its diameter during the progress of the steam through the first stage. 

In other words, the pitch of the buckets should not exceed -174 times the 
diameter of the bucket, or '435 inch in the Terry turbine, if mixing of the 
first-stage and second-stage steam is to be avoided. Neither, for the same 
reason, should the nozzle width be greater than the maximum allowable pitch. 
It may be urged that it does not matter much if the two streams do mix. 
Information is certainly wanting on this point, but it does not appear con^ 
ducive to best economy to deliberately cause streams moving with different 
velocities to mix, especially when it is practically impossible to make adequate 
provision for the variations in bulk efti rotUe. 

The compounding of the Stumpf turbine to type. 2 has been the subject 
of several patents, principally directed towards the attainment of a variable 

speed of revolution suitable for marine pui^ 
poses. The idea of the variable speed compound 
tuilsine is as follows : — 

Neglecting for the moment the angle the 
buckets make with the tangent to the wheel 
in the plane of the wheel, that is, assuming 
the ideal case of the Pelton bucket, it is 
obvious that the velocity of the bucket rela- 
tive to the absolute inlet and exit velocities 
(in direction) of the steam may be of any 
magnitude, and in all cases entry will be 
without impact (of theorem I.), and without 
the immediate consequent loss by spilling. 

For instance, suppose the inlet or nozzle 
velocity to be 3000 and the bucket speed 
500; the exit velocity would be 3000- 
2(500) = 2000. Or the bucket speed may be, 
say, 1000; the exit velocity is then 3000 — 
2(1000) = 1000, and the exit stream has 
precisely the same direction in either case. The maximum velocity of wheel 
is attained when there is only one stage (theorem III.), in which case the bucket 
speed y = ^^1 and V4 = for maximum efficiency. Now, suppose guide buckets 
A, Fig. 97, be added so that a second wheel b may be used ; in this case, for 
all the kinetic energy to be used, v will be ^v^, and we have v^ = 3000 (say) ; 
3000 - 2(750) = 1500 inlet speed to b ; 1500 - 2(750) = 0. 

If V is required to be less still, a third wheel c and guide B may be added ; 
thus we may have t; = 500 and v^ = 3000 ; v^ to b 2000 ; v^to c 1000 and exit 
velocity 0. 

Neglecting losses in transit, the efficiency is 1 in each case, and a variety of 
intermediate bucket velocities might be adopted without greatly impairing 
the economy, and the arrangement would be generally more suitable for 
marine purposes than other forms of turbine for which, at lower speeds than 
that for which they are designed, the consumption is notoriously bad. 

The idea is ingenious, and forms the basis of several patents by Stumpf, 
but, unfortunately, the practical realisation of the idea is hindered by several 
difficulties. 

In the first place, open buckets of the Stumpf form are even more disap- 
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pointing for compounding for velocity than closed vane passages, on account of 
the breaking up of the stream, so that spilling becomes excessive after the first 
stage, and more than nullifies the benefit arising from the additional stages. 

Secondly, entry and exit are not tangential, as in the ideal case, and there- 
fore nozzles and guide buckets set to deliver and receive the stream for one 
set of conditions, are not suitable for another. 

The diagram efficiency for this type of bucket is, as a matter of fact, less 
than the efficiency for closed vanes (parallel flow) under similar angular 
conditions, and not greater, as is so often assumed. This is shown in further 
detail on page 120. 

Stumpf has devoted considerable attention to the re-utilisation of the steam 




Fio. 98a. 

jets on the same wheel. Figs. 98 and 98a illustrate the arrangement for 
single U buckets, and Figs. 99 and 99a for double U or Pelton buckets. 

It is pointed out in the specification that the efficiency of this method of 
compounding for velocity greatly depends on the proper inclination and area 
of the guide passages. That this is so will be rendered more apparent by 
referring to Fig. 100, where A B represents the inclination of the inlet nozzle, 
C B that of the wheel buckets, and D A that of the exit stream from the wheel 
bucket and the inclination of the guide passage entrance. Neglecting losses, 
set-oflF Ba=DA. Then aB is the inclination of the guide passage exit 
necessary to conduct the stream, moving with a velocity aB into buckets 
inclined as A C, which move with a velocity C B. See also page 119. 

The result therefore is, that a rather awkward . twist is required in the 
guide passage, so that its inclination D A at one end may be changed to an 
inclination a B at the other. The necessary twist becomes still more awkward 
for a second reflection. 

Due regard has also to be taken to the progression of the bucket during 
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the transit of the stream through the moving buckets, to which attention has 
been drawn on page 86, for the case of non-twisted buckets and guides. 

The chief objections to any twisted arrangements are that very long 
passages are required from step to step, a feature that always involves 



Fig. 99a. 



loss of energy ; and, further, that the steam supply has necessarily to be 
given from isolated nozzles of a very small peripheral range (as compared 
with the De Laval, even), instead of from a series of nozzles that, as it 
were, discharge a continuous sheet of steam to the wheel. 

Whatever be the arrange- 
ment, it is nevertheless a fact 
that the loss by spilling is, in 
any arrangement devised up 
to the present, a far greater 
evil than can be cured by 
resorting to a geometrically 
accurate progression of angles 
of the above type. 

The problem of re-utilisa- 
tion of the steam on the same 
wheel has, however, a con- 
siderable fascination, and 
there may yet be room for 
improvement in this direction. It will, however, be as well to ensure that 
the device is not thus rendered more costly than the preferable alternative 
arrangement of having an extra wheel. 

TYPE 3.-THE CURTIS TURBINE is at present the chief 
representative of this type, the basis patent being No. 19247 of 1896. The 
American manufacturers are the General Electric Co., of Schenectady, and 
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in this country, the British Thomson Houston Co. Many constructional 
details have been recently patented, and the patent matter generally is more 
voluminous than that of any other turbine extant — certainly too much so for 
adequate description here. The reader is referred to the list of patent speci- 
fications below, should he desire to make himself further acquainted with the 
subject. 
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The Curtis turbine is — for land purposes — almost exclusively of the vertical 
type, and the General Electric Co. appear to be the pioneers in practically 
adopting this form for the steam turbine. 

No doubt habit has had much to do with the association and development 
of the many inventions in the horizontal form, and the advantages of the 
vertical system have been somewhat overlooked. The idea is, of course, not 
novel in itself, and in the water turbine the vertical arrangement is, as a 
matter of fact, more common than the horizontal. 

The vertical arrangement is naturally not very suitable for turbines of 
types 1 and 4, requiring a large number of stages, but with types 2 and 3 the 
few additional advantages obtainable by its means have induced the makers of 
the Curtis turbine to adopt it in preference to the horizontal arrangement. 
The following advantages may be enumerated : — 

1. Elimination of shaft sag, due to the weight of the tiurbine wheels ; 

2. There is only one heavily loaded bearing — the footstep ; 

3. Elimination of distortion of the casing, from the tendency to collapse 

under its own weight ; 

4. General compactness of design ; 

5. Comparatively small floor space occupied, and consequent small cost of 

foundations. 
The advantage of greater accessibility that is claimed is largely a matter 
of opinion, and also depends on the room and the tackle available. 
Among the disadvantages are — 

1. Finding a simple solution of the footstep-bearing problem ; 

2. The great total height involved with the generator directly coupled ; 

3. A greater danger zone in case of racing ; 

4. Possibility of damage to the dynamo in case of the top stuffing-box 

blowing ; 

5. Possibility of oil finding its way into the dynamo from the top 
bearing. 

The footstep bearing, Fig. 101, is one of the most interesting features of 
the turbine. To make a reliable footstep bearing has always been a difficult 
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problem, but the difficulty is much iucreased by the high speed of rotation 
demanded for the steam turbine. The surface footstep J)earing, under the 
conditions imposed, appears to be possible only with high-pressure forced 
lubrication. In the Curtis turbine the pressure of the lubricant (water 
or oil) is such that the whole weight is borne on a film forced between 
the two cast-iron footstep blocks. The pressure of the lubricant varies from 
about 175 lbs. per square inch for a 500 kilowatt turbine to about 900 lbs. 
per square inch for a 5000 kilowatt turbine. The makers also state that the 
quantity of oil — when oil is used — varies from about J gallon per minute to 
4 gallons respectively. After escaping from the footstep blocks, the lubricant 

passes through the bearing imme- 
diately above and escapes by the 
channel at the side. 

The middle and top bearings 
above are fed at a lower pressure, 
which in one arrangement is the 
gravitational head from a small 
overhead tank supplied from the 
main system. When oil is used 
for lubrication, the reservoir tank 
is fitted with a water-cooling 
apparatus. 

A mixture of oil and water 
has been tried, but trouble arises 
from the formation of a pasty 
emulsion. A heavy lubricating 
oil will probably prove the best 
medium, so far as lubrication 



The thrower t and the metal- 
lic packing p at the top do not, 
however, prevent a certain 
amount of oil being sucked into 
the turbine by the vacuum, and 
it is for this reason that efforts 
have been directed to a successful 
Fio. 101.— Footstep Bearing— Curtis Tiu-bine. use of water, or of oil and water, 

in preference to oil alone. 
An advocate has stated that when the lubricant supply has failed, no 
serious consequences to the footstep bearing have resulted. The surfaces 
have simply scored and ground away, but, in the few minutes that have 
usually elapsed before either the turbine has been brought to rest or the 
supply renewed, the damage has not been such as to cause longitudinal 
fouling between the vanes. On renewing the lubrication, the footstep gets to 
work again without trouble. Nevertheless, such circumstances naturally 
cause anxiety. 

The oil or water pump is separately driven either by steam or an electro- 
motor as convenient, and not from the turbine itself, as is the common practice 
for most other turbines. 

"To prevent the turbine being run either by steam or through the 
generator acting as a motor before oil begins to flow in the step bearing, or 
in case the flow should cease while the turbine is running, an automatic oil- 
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flow switch is placed in the high-pressure oil-supply pipe. This switch is 
actuated by the oil pressure, and opens and closes the electric circuit for the 
valve magnets (this is in the case of governing through electrical relays), in 
response to the change of pressures in the pipe. If the flow of oil in the 



Fio. 102.— Curtis 4.Stage Turbine. 

bearing falls below the predetermined quantity or pressure, the switch opens 
the valve circuit and all the valves close, immediately shutting off" the steam 
from the turbine. When the switch opens, a special relay is closed, which 
trips the generator circuit breaker, and prevents the generator from running 
as a motor and driving the turbine. A loaded reservoir of oil, or accumulator, 
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sufficient for about a quarter of an hour's supply, is sometimes added to the 
system in case of a breakdown of the pumps, and a spare pump is often 
installed as well." * 

The trouble entailed by so complicated an arrangement is serious, but 
with greater experience some degree of simplification will, it is anticipated, 
become possible. 



Fig. 108.— Detail of Curtis 4-Stage Turbine. 

Fig. 102 represents a general section through a 4-stage Curtis turbine 
combined with electric generator. Fig. 103 is an enlarged section of the 
turbine. Fig. 104 illustrates the general arrangement of a 2000 kilowatt 
turbine and accessories. Fig. 105 is a diagrammatic sketch of the nozzles 
and vanes in the first two stages. The identity of this arrangement with 
that on page 61 will at once be recognised. See also Fig. 154. 
* Extract from a paper by Mr Samuelson. 
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The inlet nozzles are cast in sections (Fig. 106), and each nozzle of the 
first stage is under the control of a separate valve, which in turn is operated 
by the governor through a relay. 

Governing^ is effected by varying the number of nozzles in operation, 



Fig. 104.— 2000 Kwt. Curtis Turbine and Auxiliaries. 

and the steam thus always operates with approximately the same head. This 
system of governing gives with this type of turbine a better economy at light 
loads than can be effected by simple throttling. 

The chief drawback to a multi-control of the Curtis type is the great com- 
plication of mechanism and the number of parts, although it must be admitted 
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that the whole system is ingeniously designed, and that it fulfils its duties with 
precision when all is in good working order. 

The wheels are of cast steel, turned all over, and mounted on the shaft 
with taper fits. 



Steam Chest. 



Nozzle 

Moving Blades 
Stationary Blades 
Moving Blades 



Fig. 105. 

The vanes for the smaller sizes are milled out from the solid; for 
the larger sizes they have been made in cast bronze, in convenient 
sections, and bolted on to the periphery of the wheel. 

The tips of the vanes are surrounded by a shrouding, held in place 

by the lugs Z, Fig. 181, riveted 
over. The number of vanes is 
naturally small compared with 
that for the Parsons type of 
turbine. For instance, a 500 
kwt. turbine only contains 
about 1400 vanes. 

The longitudinal clearances 
between the guide and moving 
vanes vary from yg^ inch in 
the small sizes to yg^ inch in 
the large sizes. 

Longitudinal adjustment is 
effected by screwing the footstep 
block up or down. The peri- 
pheral speed varies from about 350 to 450 ft. per second, according to 
requirements and conditions. 

TYPE 4. — The chief representative of this type is the now famous 
PARSONS TURBINE. In view of its important position in the 




Fio. 106.— Nozzles of Curtis Turbine. 
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history of the steam turbine, a 
brief outline of its development 
will be of special interest. 

The present Parsons turbine, 
like most successful inventions, 
was not the production of a day, 
but the outcome of much patient 
study, experiment^ and enterprise 
on the part of its inventor. 

The turbine proper of the 
original Parsons design, Figs. 107 
and 108, was a very crude affair 
indeed, much more so indeed 
than many proposals of earlier 
inventors. 

The moving vanes and blades 
were cut from the solid, and the 
discs threaded on to the shaft and 
in the casing respectively as illus- 
trated. Steam entered at the 
middle by a distributing annulus, 
and proceeded in opposite direc- 
tions to the exhaust ends, the 
double arrangement being for the 
purpose of eliminating end thrust. 

The importance of this turbine 
lay not so much in the above 
details, but in the several in- 
genious devices that largely con- 
tributed to its success as a 
workable machine. 

Elastic bearings were ap- 
plied for the first time in the 
history of the turbine, as it was 
realised that absence of vibration 
could be better secured by allow- 
ing the rotor to revolve about its 
centre of gravity than about its 
geometric centre (which, naturally, 
hardly ever coincided in practice), 
than by resorting to massive and 
rigid abutments, etc. 

The original device as patented 
is shown in Fig. 109. 

The ends of the shaft are 
encased in bushes i, klc are 
rings alternately fitting the bush 
and the casing, and pressed to- 
gether by the spring I and the 
nut m. The small lateral clear- 
ance thus given allows the rotor 
the necessary play, but undue 
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The bearings 
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casing was prevented by the small I 

ejector p fitted in the drain pocket. 

This turbine, however, did not 
adequately expand the steam consist- 
ently with the speed of the vanes, 

particularly if working condensing. **. 

Parsons' next patent. No. 5312 of "^ 

1887, provided for a better expansion | 

by increasing the diameter of the 5 

drums towards the exhaust end, as at ^ 

C, E, G, Fig. 110. The passages F 
are for the purpose of ensuring end 
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balance. Further details accompanying this patent relate to shaft packings 
to prevent air leakage into the vacuum spaces, Fig. 111. 




Fio. 109. 



Steam above atmospheric pressure, or water from the hotwell, was supplied 
to the annular chamber t, so that a * water seal ' was introduced between the 



Fio. 110. 

atmosphere and the vacuum space, and any leakage in either direction through 
the gland would consist of water, and not air. 




Fio. 111. 

This device in an improved form survives to the present day, but the 
steam that is used for the purpose is that which escapes from the governor 
relay cylinder, and which would otherwise be wasted. 
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The next patent that appeared, No. 1120 of 1890, related to the type of 
turbine already referred to under the heading of type 1 (page 77). 

Several important details, applicable to any of the Parsons turbines, are 
included in the specification, among which are — 

Groverning by a variable periodic cut-oflf; and another form of 
elastic bearing. Fig. 112. Both of these devices are in use at present. 




_^^<x>^^^«^^^c^^^>^i^^^ 



Fio. 112. 




The governing arrangement consists of (a) an ordinary centrifugal 
governor driven by friction pulleys at a lower speed than the turbine 
shaft, which communicates its motion through an oscillating lever system 
to the throttle valve ; (b) alternatively, a solenoid, the core of which replaces 
the centrifugal governor. The solenoid arrangement is for use when the 
turbine drives a dynamo, and is controlled by variations in the main current. 
The general principle of (a) is precisely the same as that now in use, which is 
illustrated in Fig. 218. 




— )M.J}u 




Fio. 118. 

The elastic bearing^ consists of a gim-metal sleeve k fitting the shaft, 
and surrounded by easy-fitting sleeves a, b, c. The oil which is forced in the 
bearing and between the sleeves acts as a damper to slogger. The viscosity 
of oil in the form of thin films is very great, and therefore forms an efficient 
cushion for damping vibration, but at the same time it allows the rotor to 
find its own centre. This type of bearing is adopted in the modem turbine, 
and is quite satisfactory. 

Fig. 113 is an alternative arrangement, in which the middle sleeve is split 
into three parts/, g, h^ and made in the spring form as illustrated. 
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Patents Nos. 14994 of 1890, 5074 and 10940 of 1891, revert to the 
ordinary type (4) of Parsons turbine, but with a radial flow variety. 

The turbine representative of the latter patent is shown in Fig. 114. B 
are the rotating discs, carrying vanes arranged alternately to vanes on the fixed 
discs C, etc. The spaces / are for reheating the partially expanded steam by 
high-pressure steam. E is a balance or dummy drum for balancing end 
pressure. To prevent escape of steam past this drum, and at the same time to 
avoid a frictional contact which is very undesirable at the high velocity of a 
turbine, the periphery of the drum has a series of collars a formed upon it, 
which are interspaced between similar collars on the interior of the balance 
cylinder. The faces b are serrated in order to choke the passage of steam. 

An improved governing arrangement is described in No. 10940. In 
these improvements the direct acting solenoid core of No. 1120 is replaced 
by an electrical relay system, in order to obtain a greater power and 
sensitiveness for moving the throttle valve. 

Many other patents relating to the Parsons turbine have since been granted, 
but they mostly refer to arrangements and combinations of turbine plant 
generally. Those relating to constructional details of vanes are illustrated in 
Chapter X. 

THE MODERN PARSONS TURBINE is naturaUy an evolu- 
tion from all the best points of the various preceding types. 

All radial flow arrangements have been discarded in favour of the parallel- 
flow type ; the original double self-balanced arrangement has principally, on 
account of the unmanageable length involved and the inferior economy of 
small turbines (the complete turbine being composed of two turbines of one- 
half the full capacity), been displaced by the single turbine, the unbalanced 
pressure being taken by balance drums. These drums, however, are trouble- 
some, in either leaking excessively, or else fouling and wearing away the collars ; 
and although accurate workmanship mitigates the trouble considerably, there 
is imdoubtedly room for a more satisfactory solution of the balancing problem. 

The following points relating to the present manufacture of the Parsons 
turbine may be noted : — 

The general method of making the vanes and of holding them in place is 
as illustrated m Fig. 169, page 168. 

For the longer vanes towards the exhaust end of the turbine, the wired- 
on shrouding, Fig. 178, is adopted to give greater integral security, and not 
with the idea of restraining the stream from spreading over the tips, a 
condition that does not require special consideration, since the clearance must 
be a minimum. 

The vanes at the high-pressure end, particularly when superheated steam 
is used, are of hard rolled copper, and are not usually shrouded ; the re- 
mainder of the vanes are of brass, the usual composition being 63 per cent, 
copper and 37 per cent. zinc. 

The diametral clearance is said to vary from about xMtt ^^ ^^® ^'P* ^^^ 
to Y^hf ^^^^ ^^ ^^^ ^*P* ^^^' ^^^ naturally increases with the size of the 
turbine. The axial clearances are of comparatively small importance, and are 
usually about ^ inch, but are as much as ^ inch for vanes only f inch wide 
in marine turbines where the longitudinal adjustment is liable to disturbance. 

In cases where the anticipated economy is not realised at first, adjust- 
ment is sometimes given by twisting the vanes round a little by a hand 
wrench. 

After the vanes are in place, the complete drum is placed in the lathe and 
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the tips of the vanes dressed up true. Any slight distortion given during 
this operation is again corrected by the use of the wrench mentioned above. 

The collars on the balance pistons are cut from the solid, but in the 
cylinders are of sheet brass made in segments and brazed into turned grooves. 
The whole is then turned up true. Fig. 115 shows a detail of balance drums 
in common use. 




Flo. 116. — Parsons Balance 
Piston Packing. 



Fig. 116. — Parsons Elastic Sleeve Bearing. 



Great care is exercised in boring the casing, and internal strains which 
tend to create distortion are eliminated as far as possible by the well-known 
process of preliminary * breaking-down ' ; distortion under heat is further 
reduced by heating the casing with steam between the machining operations. 

The joints of the casing are scraped tine, and the jointing material 
generally consists of a thin graphitic pamt or mastic cement and varnish. 

The elastic bearing sleeves, Fig, 116, are of bronze, and the clearance 
between the sleeves is about ^ooo ^^^^ each. 
For large turbines that run at a lower speed 
of revolution than about 1200 per minute 
elastic bearings are unnecessary, and are 
replaced by bearings of the ordinary con- 
struction, white-metal lined and sometimes 
spherically seated. 

The glands are constructed similarly to 
the dummy pistons; collars are turned on 
a sleeve fitted on to the shaft, and in the 
cast-iron bush are made of sheet brass 
strips let into grooves. The collars are Fio. 117. 

generally of a little heavier section than 
those on the pistons. Fig. 117 shows a gland of this type. 

Many other arrangements of labyrinth packing for the glands have been 
made. Fig. 118 illustrates one in which the fixed collars are replaced by 
Ramsbottom rings, thus rendering the packing independent of a more or less 
unknown relative longitudinal expansion of the rotor and casing. The main 
objection to this device is that it is only suitable for a small difference of 
pressure between ring and ring, whereas it is only a fortuitous circumstance 
that there is a gradual diminution of pressure from one end of the packing 
to the other, and the whole difference of pressure more often than not comes 
on one ring. This ring wears away rapidly, after which the next ring takes 
up the load, and so on. 
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Fig. 119 shows another arrangement in which the leakage clearances are 
radial. This again is little better than only one ring so far as leakage goes 




Fio. 118.— Labyrinth Gland with 
Ramsbottom Rings. 



Fia. 119. — Parsons Labyrinth Gland and 
Dummy Packing, radial clearance type. 




Fio. 120. — Low-pressure End of Parsons Marine Turbine. 

(see page 163). It nevertheless has given fair satisfaction in working, especi- 
ally with large diameters (being sometimes used for balance pistons, as for 
example in Fig. 120, where an auxiliary balance is shown) and when the 
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longitudinal motion is uncertain. It is also useful as a preliminary to a 
small series of Eamsbottom rings by relieving the rings of a portion of the 
full difference of pressure. The leakage over the fin collars is trapped off at a 
suitable pressure, leaving the Ramsbottom rings, which can be practically 
steam or air tight, with only a small and workable difference of pressure to 
deal with. 

The thrust block (for residual out-of-balance) is constructed in a similar 
manner. The top half of the sleeve is arranged to prevent the rotor from 
surging in the direction opposite to the prevailing direction of thrust, and its 
position to a few thousandths of an inch is not of much importance. 

The bottom half of the sleeve takes the prevailing residual thrust (the 
halves are therefore not exactly in register), and is carefully adjusted so that 
the collars on the dummy pistons and cylinders are from xinnr ^ tSw ^^^^ 
clear. The top half is generally adjusted by means of an external screw 
engaging an abutment on the turbine casing. 

Fig. 121 shows one method in which the whole worm box and apparatus 
moves by means of the adjusting screw u. Fig. 122 shows another method. 
The adjustment should be made when the turbine is hot. 

The coupling is a specially designed 
claw coupling and is quite flexible. 
Fig. 121 illustrates one arrangement in 
which the main idea is that while there 
shall be an ample claw the turbine rotor 
or the dynamo armature can be readily 
lifted without longitudinal movement. 

It is found advisable to cool the 
lubricating oil, as it otherwise gets un- 
duly hot, not so much from friction as 
from the heat conducted along the shaft. 
Fig. 122. An oil cooler (Fig. 121) is therefore 

provided. Water may be circulated 
from the condensing apparatus or in any suitable manner. Apparently a 
heavy oil of the highest quality should be used. A small quantity should be 
drained off and filtered every day. 

Fig. 121 illustrates a general section of a Parsons turbine, and Fig. 120 
the low-pressure end of a marine turbine. 

OTHER TURBINES of type 4 have been produced (on paper) 
by many inventors, but as a workable machine the Parsons stands alone. 
Much invention has been devoted to the production of a reversible turbine, 
but, with the increasing demand for greater economy on all hands, it is 
beginning -to be more generally recognised that a reversible self-contained 
turbine possessing the elasticity of the ordinary engine is as far from 
realisation as ever. 

The leakage difficulty is, however, one of the most serious problems, and 
many devices have been proposed to combat it. 

One of the most interesting arrangements is that proposed in the 
FuUagar reaction turbine. 

Fig. 123 is a general section of this turbine. 

g are the moving vanes (illustrated in detail on page 170) attached to the 
rotor drums a. 

k are the fixed vanes attached to the casing c. 

The rotor is built up gun-fashion, and consists of a number of superposed 
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sleeves of various diameters, x are slots cut from end to end, so that each 
sleeve may be steam-balanced. 

In order that the total end pressure given at the balancing disc shall be of 
the proper amount, bafflers 3, 1 are fitted, which not only retard the passage 
of the steam of the high-pressure zones in escaping to the exhaust 6, but 
allow the turbine to be drained of the water of condensation whether the 
machine be at rest or working. 

The bafflers consist of thin strips of metal or fibre let into grooves 4, 2, 
as shown in Fig. 124. 

It is pointed out that with the balance piston of the Parsons type it is 
not an easy matter to give the precise amount of balance required, and more- 
over that, once made, it is unadjustable. In the Fullagar turbine, however, 
a modification is easily effected by removing or adding some of the baffler 
rings. 

The diametral clearances 8 1 are considerable, and are unimportant. 
The leakage clearances are radial, and are therefore controlled by the 
longitudinal adjustment 18, 19 of the thrust block type. It is also claimed 
that the bafflers on the vanes (Fig. 173) and on the balance 
discs, being of thin material, may approach very closely to 
the opposite abutments with comparative impunity, for, on 
touching, they are immediately scraped away ; and being so 
light and thin, do not get hot enough for * firing ' to take 
place. 

The packing, bearings, and some of the other details are 
of the Parsons type. 

Although, in this turbine, the leakage spaces are neatly 
transferred from the radial to the longitudinal position, it 
by no means follows that the difficulty with the former 
arrangement is eliminated. As a matter of fact, an accurate 
longitudinal adjustment in the naturally long turbines of type 4 is an 
exceedingly difficult problem to cope with, owing to expansion ; for although 
there may not be any tangible reason why the casing should not expand practi- 
cally the same amount as the rotor, it nevertheless does not do so in practice, 
and the rotor invariably creeps a generally indeterminate amount more 
than the casing, even with the heaviest of lagging. On the whole, therefore, 
an arrangement for a small radial clearance instead of a small longitudinal 
clearance is rather the easier of the two to manipulate. 

DOUBLE MOTION TURBINES.— Several inventors have 
devoted their attention to producing a turbine that, with the same degree of 
compounding and economy, shall have a lower speed of revolution than the 
ordinary types. 

This can be accomplished easily in theory by allowing the casing, or what 
have previously been the fixed vanes, to rotate with an equal velocity in the 
opposite direction to the internal drums or wheels. By coupling the separate 
shafts (which both rotate at one-half the usual speed) together by suitable 
gearing, a common shaft is obtained that rotates at one-half the speed of the 
single motion turbine. 

Another scheme, probably the better of the two, is to allow each shaft to 
drive a separate electric generator, and couple the two systems together. 
The generators, of course, revolve in opposite directions. 

Yet another method that has been proposed is to bring the two shafts out 
at the same end of the turbine casing, one shaft being sleeved over the other, 
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Fio. 126. — Parsons Double Motion Turbine. 



a. Vane wheel. 

h. Vanes. 

c. Nozzle wheel. 

d. Nozzles. 



ty s. Shaft for nozzle wheel, 

r. Shaft for vane wheel. 

/. Steam inlet holes. 

h. Steam branch. 



k. Labyrinth packing. 
I, Flexible bearinss. 
m. Longitudinal adjustment. 
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and to cause the field and armature of an electric generator to be driven in 
opposite directions. Or, the two shafts may be coupled together, as in the 
first instance, by suitable gearing, to convert the motion to a common 
direction. 

The great objection to the former and to the latter methods is the 
difiiculty of providing * suitable ' gearing. Any such mechanism, at the high 
rate of speed still remaining, can only be rendered successful by the most 
perfect workmanship, such, for instance, as is adopted in the De Laval turbine. 
It may further be contended, that if gearing is to be introduced at all, the 
speed reduction might be effected directly by this means, instead of by adding 
the complication of a rotating casing. 

In the other case, viz. of one shaft working within the other, the difficulty 
is to produce a satisfactory bearing rotating within another bearing so that 
they shall be true, adjustable, and accessible. A similar problem is presented 
with the glands. 

Fig. 125 illustrates a double motion design by £. Seger. 

Parsons has patented several varieties of the second and third methods 
(Patent No. 6142 of 1902). 

The turbine, Fig. 126, consists of a simple impulse wheel resembling the 
De Laval, and the nozzles d are mounted in the rotating element c, steam 
being supplied through holes / in the dummy end of the shaft. As illustrated, 
the design is stated to be suitable for marine propulsion, the inner shaft 
driving right-handed propellers and the encircling shaft driving left-handed 
propellers, or vice verm. Revei-sing is effected by the stationary nozzles. 
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CHAPTER VI. 



THE EFFICIENCY OF COMPOUND 
TURBINES. TYPE i. 

CoNTBNTS : — Diagram Efficiency — ^Type 1, Energy Transfonnations— Losses of Kinetic 
Energy— Examples of Efficiency — Impulse Turbines with Open Buckets— Number of 
Stages— Area of Fixed or Nozzle Passages ; Example— Effect of Leakage— Thickness of 
Vanes— Errors introduced by Practical Considerations— Lead. 

If the flow of steam were tangential or parallel to the direction of motion 

of the vanes, the estimation of simple and compound efficiencies and of the 

number of stages and other quantities would be a very simple matter, and 

would be carried out as indicated roughly in Chapter IV. 
As, however, the angle between the 

inlet and outlet edges of the moving 

vanes is almost invariably much less 

than two right angles, the efficiency of 

any one stage is less than in the ideal 

case. 

DIAGRAM EFFICIENCY. 

— The efficiency principally referred to 

in this chapter is the ratio of the energy 

absorbed in doing useful work to the 

energy supplied to any one or a series 

of moving vanes, as the case may be, 

that is, the diagram efficiency, as 

referred to in Chapter L 

The diagram efficiencies dealt with in that chapter are, however, those in 

which the vane losses — shock, spilling, and friction — are nil. In the sequel, 

coefficients for losses are introduced, and graphic determination of the effici- 
encies is resorted to. 

TYPE I. ENERGY TRANSFORMATIONS.-Fig. 127 is a 

typical velocity diagram for both the simple and compound varieties of 

impulse turbines. The following notation applies generally throughout: — 
A B is v^y the absolute striking or inlet velocity of the steam ; ^ 
AC is p, the vane velocity; ■ a^.I f -^ „ 

C B is v^ the velocity of the steam at entrance, relative to the vane ; \ 
C D is Vj, the velocity of the steam relative to the vane at outlet ; ^w 
A D is v^, the absolute velocity of the steam at outlet from the vane passages ; 
A F is ttj, the inlet * velocity of whirl ' ; 
A G is a^, the outlet velocity of whirl. 

Considering now the general operation in compounding to type 1, let us 
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suppose, in the first instance, that there is no frictional or other loss within 
the moving vane passages. 

The initial head of pressure P will at the outlet from the first fixed passages 
or nozzles be converted to 

or (A^). = g 

where c is the nozzle energy coefficient (90 per cent., or other value, as the 
case may be), and v^ the ideal nozzle velocity. 

It has been explained in Chapter I. that the work done in the moving 
passages — here, the first set — is 



2g 2g 
The exit head is therefore 



^' % («8 being = ^2) 



For the second stage, if (v^\ is to be the same as (t\)ai as is usual for a 
considerable series of wheels, if not for the whole turbine, the head at the 
exit from the second fixed passages or nozzles is 

. Wi* V^^ V? 



and (A;>), = ^ 



v,2— cv/ 



2gc 
Thus the new increment of velocity in every case except the first is given by 

V=c{(V)-V} 

Now, if this value is perpetuated throughout the turbine, the total efficiency 
will be practically the same for any disposition of angles and any number of 
wheels, providing that the final exit velocity and pressure are about the same 
in each case. 

The practical problem is therefore to arrange the velocities so that, given 
convenient peripheral velocities of the wheels, the number of wheels and the 
final waste head are a minimum. 

It then becomes advisable, when dealing with heads of velocity that are 
intended to be nearly absorbed in one set of vanes, as is the case in this type, 
to arrange for f;^ to be a minimum ; in other words, to see that the individual 
diagram efficiency of each stage shall be a maximum. 

The first and obvious condition is that the angles a and ^ shall be a 
minimum. If a and j8 = 0, the efficiency iy is 1 if t; = Jv (theorem III.). 

The factors limiting a and ^ are mechanical, and, with most if not all 
varieties of construction, depend on the provision of sufficient area to pass the 
given volume of steam for a given size of wheel and power. 

No difficulty occurs, as a rule, with the latter at the high-pressure stages 
— in fact, the difficulty lies in the opposite direction — ^but at the low-pressure 
stages it is sometimes difficult to provide adequate area without making the 
wheels very large and the vanes unduly long (or the equivalent of lopg). 
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Clearly it is not possible to reduce v^ to zero. It is therefore necessary to 
decide upon the best method of dealing with the residual energies -i- from 

each stage. Either these must be handed down cumulatively from stage to 
stage or considered as irrecoverably lost in the turmoil of discharge and 
reconstruction of the stream for the next stage. They will, in fact, be 
transformed into one of the general losses of the steam turbine. 
The chief causes of the loss of economy in the turbine are — 

(a) Condensation of steam (over and above that due to expansion), thus 

giving a larger amount of entrained water ; 

(b) Extraneous or spurious expansions and contractions, owing to errors in 

shape, and of the kind noted on page 53 ; 

(c) Spilling; 

(d) Shock on the vane edges and similar places ; 

(e) Shock in cases of 'partial admission' and, with isolated nozzles, on 

the relatively quiescent steam filling the vane passages; and the 
converse shock on the steam surrounding the vanes as they pass 
away from the front of the nozzles ; 

(/) Eddy currents, the kinetic energy involved being misdirected ; 

{g\ Leakage from stage to stage ; 

{h) Surface friction of the wheel discs ; 

(J) * Ventilating ' friction ; 

(k) Surface friction on the vanes ; 

(l) Greneral external losses. 

The losses occasioned by some of the above causes are partially recoverable, 
but they nevertheless collectively account for a loss that, even in the best 
turbines of to-day, is equivalent to increasing the steam consumption to about 
one and a half times the theoretical consumption. 

Strictly speaking, all frictional and eddy losses are recoverable as heat, 
either in superheating or in drying the steam. The transformations are, 
however, created comparatively locally and intimately in contact with the 
surfaces of the vanes, and the conditions are thus favourable towards the 
absolute loss of the energy involved, by conduction as soon as the transfor- 
mations occur. Since the total loss in the turbine is much greater than 

2(^ ) we m^y, without appreciable error, assume that v^ is lost. 

The loss of kinetic energy in the vane passages has now to be 
taken into account. 

The further practical problem is to reduce internal vane losses to 
a minimum, stage by stage, and not to trust too much to luck in 
getting back losses incurred by the practical limitations and approximations 
of construction. 

It is nevertheless, as will be seen, a very difficult matter indeed to make a 
turbine of correct form, even for one set of conditions and experimental data ; 
but experience appears to indicate that greater economy is effected the more 
nearly the ideal conformity is approached, rather than by systems of heavy 
lagging, reheating, etc. 

The loss in the vane passages by friction appears to be largely a matter of 
conjecture, and some writers have attributed the greater part of the total 
loss of efficiency of the turbine (which often consumes 30 to 60 per cent, 
more steam than the theoretical consumption) to this caiise alone. 

It has also been assumed by nearly all authorities that this kind of 
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frictional loss varies • with the velocity squared, an assumption based on the 
fact that energy = kv^. 

A series of many hundreds of experimental observations on stationary 
vanes confirms the usual assumption that friction loss of energy, either alone 
or as the predominant loss, does vary as the square of the velocity ; or, in 
other words, that the frictional velocity loss is proportional to the velocity 
of the steam over the surfaces or through the passages, as the case may be. 

The average maximum velocity efficiency for the best form of 'closed' 

vane passage is about 95^ per cent., that is, when the frictional and internal 

losses are at an average minimum. The average value for the better known 

turbines as constructed appears to be 92 per cent. This covers internal loss 

, only, that is, losses by {h) and {k). 

In turbines of the best construction, therefore, it should be safe to take 
Vg = '9 2^2, and the cause of the remainder of the loss should be sought for 
among the other items. 

Now, the separate phenomena (a), (fe), (c), {d), (e), (/), (Jc) may create a kind 
of collective phenomenon practically equivalent to increased friction, and 
thus reduce the relative exit velocity to as low as about 60 or 70 per cent, 
of the inlet velocity. Bateau considers that v^ = '75^2 is a fair average value. 

Delaporte finds the value of the coefficient to be from about '706 to '749, 
the value rising with the velocity. 

When the design of the turbine permits, a simple way of finding the 

value -5 is to run it with the cover off, and with the steam discharging into 

the atmosphere. As few nozzles as possible should, of course, be used. Steam 
should be turned on to a definite pressure as quickly as possible, and the 
speed at which the direction of the discharge from the vanes changes from 
backwards to forwards noted by means of a tachometer. Feeling with a 
stick is a convenient way of observing this, as there is generally too much 
vapour about to see distinctly. The velocity diagram is then constructed 
from the data obtained. The author has thus been able to confirm Bateau's 
value, '75, but has also, with special vanes, registered more than '8. 

This way of looking at the matter may answer very well for simple 
turbines or for compound turbines of type 1 — to which the Rateau belongs — 
but it will not do for turbines compounded for velocity, that is, for types 
2 and 3. For these types pure vane losses alone should be taken. 

However, for type 1 the case is fairly well represented by constructing 
the velocity diagrams so that Vg = (say) •75t;2. But when the disturbances 
of all kinds except {h) and {k) have been eliminated, to ascertain the true 
diagram efficiency it is probably more correct to put Vg = •92t;2 as an average 
value ; or with more perfect conditions for (6) and (^), that is, with vanes of the 
best curvature for the intrinsic conditions of the passing steam, v^ may be as 
high as •96»2. Both these values, the latter especially, are at present ideal. 

The variety of angles of vane inlet and of exit edges, etc., are of course 
infinite, and depend so greatly on individual ideas that it is impossible to 
lay down any particular distribution of velocities as a standard. 

Given a^ ji, and v^ constant, the efficiency iy will vary as some function of 
the vane velocity u, and the maximum value can be found mathematically. 

The expressions involved, however, are extremely cumbersome, and their 
use would demand an unnecessary amount of time. 

The best way to find i/niax. is by a graphic construction, which can be 
effected in a few minutes. 
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Examples, — The following typical examples are given for the purpose of 
indicating the variation of efficiency under different conditions. The three 
cases are applicable to both simple and compound types (type 1 only). 

1st case. Variable v. — Suppose the outlet angle a of inclination of the 
nozzles (or fixed passages) and j3 of the moving passages to be constant, say 
20°, this being an approximate practical minimum. 

Let the nozzle velocity v^ be constant, and let the vane velocity v vary. 

Suppose that the loss within the moving passages is such that v^—'^lv^; 
By (18), Chapter I., the diagram efficiency 

^.2t<a^ (Fig. 128.) 

Note that this expression holds good whether there be any loss or not 
in the passages. 

Then, for relative values Vj = 1 and v - % •S, •i, % % *7, 8 respectively, 
we have, by scaling Fig. 128 : 



Fio. 128. 
Table III. 



V 


^1 


«3 


«l-«2 


Diagram Efficiency 
2iKai-as) 


•2 
•3 
•4 
•5 
•6 
•7 
•8 


•94 


-•606 

-•33 

-•165 

+ •016 

•178 

•338 

•48 


r446 

127 

1-095 
•924 
•762 
•602 
•46 


•678 
•762 
•876 
•924 
•914 
•843 
•736 



Vg may be conveniently obtained for all points by setting off FH = •92FB, 
and drawing EH parallel to AF. 

Then make, for example, C^D^ = the intercept C^e^ = •92C7B. 

Fig. 129 is a diagram in which the efficiencies from Table III, are plotted 

in terms of - , on the curve A. 

Fig. 130 is a similar velocity diagram to Fig. 128, but with v^ = '75v^. 
The efficiencies are plotted on curve B, Fig. 129. 

8 
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It will be seen that the maximum efficiencies when a and p are 20° occur 
approximately when t;=-53t;i and '5lv^ respectively, and therefore that the 




Ratio yv, 
Fio. 129. 



Fio. 180. 



tendency is for the maximum efficiency ratio of t; to v^ to increase as the 
losses in the vane passages decrease. 
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2nd case. Variable a and ^.— In Fig. 129 the curves A, C, D, E, F, G, H 

and the subjoined table show how the efficiency varies with a variation of 
a and ^, a and P being equal to one another. In each case the loss in the 
vane is taken to be the same, that is, v, = '92^2. 



Table IV. 



ri = l . a=fi. 








«=-4. 










a and 3 


«i 


«i 


Oj-O, 


n 


20" 


•94 


-•166 


1-096 


•876 


26- 


•908 


- -163 


1-061 


•849 


80- 


•867 


-•146 


1^013 


•810 


36" 


•816 


-•186 


•961 


•761 


40" 


•766 


- 124 


•89 


712 


46" 


•708 


-•103 


•811 


•649 


60" 


•642 


- -079 


•721 


•677 


v=-6. 


20" 


•94 


+ •016 


•924 


•924 


26" 


•908 


+ •008 


•9 


•9 


30" 


•867 


+ •004 


•863 


•863 


86" 


•816 


+ •002 


•818 


•813 


40" 


•766 


+ 008 


•768 


•768 


46" 


•708 


+ •024 


•684 


•684 


60" 


•642 


+ •036 


•606 


•606 


t?=-6. 


20" 


•94 


+ •178 


•762 


•914 


26" 


•908 


+ •161 


•747 


•896 


80" 


•867 


+ •149 


•718 


•862 


86" 


•816 


+ •186 


•68 


•816 


40" 


•766 


+ 181 


•636 


•762 


46" 


•708 


+ •132 


•676 


•691 


60" 


•642 

• 


+ •148 


•499 


599 


t^=-7. 


20" 


•94 


+ •838 


•602 


I 848 


26" 


•908 


+ •808 


•6 


1 ^840 


80" 


•867 


+ •28 


•687 


1 ^822 


36" 


•815 


+ •26 


•666 


1 .777 


40" 


•766 


+ •246 


•621 


•729 


46" 


•708 


+ •24 


•468 


•666 


60" 


1 -"'' 


+ •246 


•896 


•564 1 
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3rd case. Variable Vj. — Some turbines are governed solely or in part 
by throttling the steam in the ordinary way. It is therefore of interest to 
examine the effect of this on the efficiency by varying the initial head of 
velocity while the vane velocity v remains constant. 

Assuming that the ratio v:v^ is approximately that for maximum efficiency 
when 173 = (say) •75^2? we have the velocity diagrams as in Fig. 132. 

For t'im«= 1» » = about '52. 

Then, for v^ = l, '9, -8, 7, -6, and a and ^8 = 20% 30°, 40', the efficiencies 
work out to the values given in the following table. 

Table V. 





Vl 


Ol 


<h 


fli-«9 


1? 


S 


S« 


v=-52 


•9 

•8 
7 
•6 


•94 

•845 

•761 

•666 

•665 


•138 
•204 
•266 
•826 
•37 


•802 
•641 
•486 
•331 
•195 


•884 

•823 

•79 

•723 

•668 




•34 
•66 
•98 
VS 




•116 
•423 
•96 
1^69 


a=/S=80' 
i;=-62 


1-0 
•9 
•8 
•7 


•866 
•778 
•692 
•606 


•125 
•184 
•286 
•286 


•74 
•694 
•466 
•820 


•77 
•764 
•74 
•679 



•43 

•87 
r29 




•185 
•767 
1^67 


v='62 


1-0 
•9 
•8 
•7 


•765 
•689 
•612 
•636 


•122 
•17 
•219 
•259 


•643 
•619 
•898 
•277 


•678 
•677 
•638 
•688 




•48 

•95 

1^64 


^81 
•902 
2^7 



These values of rj are plotted in Fig. 131 on the curves K, L, M. 

Fig. 132 is drawn for a = jS = 20'. 

Referring to Fig. 132 it will be observed that as v^ decreases, the departure 
of the angle of the relative velocity v^ from the entrance angle of vane (0 B) 
increases. 

The efficiency curves stop abruptly when Vj = t; is reached. 

It must be particularly borne in mind that the efficiencies just obtained 
are diagram efficiencies only and do not include further loss by shock. 

They apply to turbines with * open ' buckets or vanes ; but with * closed ' 
vane passages, the flow becomes more and more cholfed until, when v^ is 
parallel to v^, the passages have in effect re-nozzled the pressure up again to 
the original pressure, and useful work is only performed by reaction after the 
manner occurring in type 4. Work will, of course, be lost, which at its very 
lowest value is equivalent to the losses arising in two sets of nozzles — e.g. 
10% + 10%. 

The efficiency of the closed vane passages will, in general, depend therefore 
on the amount of extra expansion or contraction that they confer on the steam 
after it leaves the fixed passages. 

Lobs by internal disturbance is probably the most important factor, and 
this evidently increases rapidly with any increase of obliquity to the vane 
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entrance, a small error only being without appreciable influence. The greater 
part of the disturbance is due to impact on blunt and irregular vane edges. 
For such velocities as are in vogue for the steam turbine, and which are, in 
general, large enough for the stream to be wholly retained in its channel 
without side-climbing, the rebound — or the eflfect of it — under the jet is 
approximately proportional to v^ sin 0, where is the obliquity or angle of 
error. Then, if the entrance end of the vane is inclined as C B, the return 
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Fio. 181. 

shock for v^ = 1 is S = 0, and for the other values of t;^ is approximately pro- 
portional to Si^ftjCp Sj«62^2» ®^- respectively. 

Now Sp Sg . . . represent velocities, therefore the energy loss from the 
oblique impact into the closed passages is probably some function of S^^ S^^ 
. . . respectively. 

The values of S and S' are given in the table, and S^ is plotted in Fig. 131 
on the curves N, 0, P for a = j8 = 20', 30', 40° respectively. Experiment 
proves that the permissible obliquity has a range of 3 or 4 degrees either 
way, beyond which the loss rapidly becomes serious. 
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It will be observed that when v^ is below normal the impact takes place 
on the backs of the vanes, thus opposing the motion. Theorem II. might be 
used for an estimation of this impact, although it is not strictly applicable to 
the case of perfectly closed passages. 

The loss by impact on the vane edges is practically indeterminate, and the 
only course open is to make the inlet edges as sharp as possible, consistent with 
the ability to withstand erosion. 

It will, however, be seen that as v^ decreases with respect to v, there is 
not only a loss of diagram efficiency in the ordinary sense, but an increasing 
loss — which is borne out by experiment — owing to internal shock. This loss 
also increases more rapidly as the angles a and ^ increase. The further loss 
of efficiency resulting from the re-contraction in the closed passages may be 
great or small according to the pressure conditions, etc., but in general it 
may be concluded that, in order to keep the losses K(S^) as small as possible 
with a considerable range of throttle-governing, the vane angles a and j3 should 
also be as small as possible. 

The above examples should enable the reader to construct diagrams for 

the many other varieties that 
may occur to him, as, for 
instance, when a is not equal 
to)8. 

So far, the efficiency of 
the moving vanes only has 
been considered. The fixed 
passages being in reality a 
series of adjacent nozzles, 
will have the efficiency pro- 
Fio. 182. per to such an arrangement, 

which, as has been seen in 
Chapter III., may, in its more perfect forms, rise to 95% (velocity) as 
an average. 

The efficiency of the commonly used rectangular or approximately rect- 
angular form can hardly be expected to attain the value the circular form 
does, but, with easy curves and fair accuracy of progressive area for the drop 
of pressure, 94% (velocity efficiency) can be relied upon. 
The energy efficiency of the nozzles will then be about 

•942 or -8836, say 88J%, 

and the total efficiency of the stage (and of the turbine, too, if the efficiency of 
all the stages is the same) will be 

nozzle efficiency x vane efficiency 
= -885 X -924 (case '5, Fig. 128) 
= 81-7%; 

and similarly for the other cases. 

Impulse Turbines with Open Buckets.— The Pelton type, Stumpf 
variety, will be discussed here. 

The appearance of the diagram of velocities differs somewhat from that of the 
ordinary type, but it really amounts to precisely the same thing. A separate 
consideration is nevertheless useful. The diiference between this kind of 
bucket and the ordinary kind is, that in the former there is no choice in the 
exit angle of the bucket. 




Digitized by 



Google 



THB EFFICIENCY OF COMPOUND TURBINES. 



119 



It is obvious that with the other type we may make the exit angle any- 
thing we please independently of the inlet angle, but in this case the exit 
angle is necessarily the same as the inlet angle — at any rate, so far as is prac- 
ticable with current methods of manufacture. 

In Figs. 133, 133a, and 133b, let abed represent a sectional elevation of 
an open bucket, the line /a 6/ being a portion of the wheel periphery and g h 
the tangent at the middle or average position k. 

Fig. 133a is a plan of the bucket, in the plane of which the entrance and 
exit paths of the stream are parallel, as shown. N is the nozzle directing 
the steam to the buckets at the angle a as before. 

Fig. 133b is the diagram of velocities, constructed as follows : 

A Aj is parallel to the tangent g //, that is, to the direction of motion 

at the moment imder consideration, 
B A is the nozzle velocity v^, 
C A is the bucket velocity v, and 
B C is the velocity t'^ of the stream relative to the bucket at entry. 



r Fio. 183. 




Fig. 183a. 



Fio. 18dB. 



If properly constructed, the inclination kl of the bucket will be the same 
as the inclination of B C. 

Now, the change of direction of the stream within the bucket takes place 
wholly in planes parallel to kl (neglecting the slight displacement due to the 
circular movement of the bucket ; a similar assumption has really been made 
with the other type of bucket) at right angles to the plane of the paper, 
instead of in the plane km of the paper. This change of direction has 
obviously nothing whatever to do with the triangle ABC. 

The relative velocity Vj remains constant through the bucket, except when 
changed by the resistances. Suppose v^ constant. Then, at the outlet, the 
absolute velocity and direction of the stream is a combination of the relative 
velocity at outlet, that is CB (which we now call Vg), and the bucket 
velocity AjC=CA ; that is, AjB or v^, the relative velocity v^ having changed 
its direction w as shown in the plan. Fig. 133a. 

The angle a, fixed by practical considerations, cannot well be less than 
18*, and is a similar angle to the nozzle angle of the ordinary types. The 
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effective turn of the bucket is not tt, as is often taken for granted because the 
bucket happens to have a semicircular form, but ir - 2y, exactly as in the 
other case when ^ = y, Fig. 127, the only difference being that there the 
effective turn possesses a concrete form in the shape of the vane, but here it 
does not. 

The efficiency of the diagram. Fig. 133b, will readily be perceived to be 
identical with that of the common diagram in which )8 » y, Fig. 1 27. 

But with the ordinary construction we may, and do, make P less than y, 
as at CD^, Fig. 134. In fact, in the previous numerical examples, j3 has been 
taken as equal to a in all cases. 

The remark on page 87, where it is stated that the diagram efficiency of 
this arrangement of buckets is less than that of the usual kind, will now be 
understood. They certainly may be equal, but only with the same given 
conditions (a, v^, and v) \ on the one hand, only by distorting the Pelton 
buckets so that j3 is made less than y, equal to a for instance ; or, on the 
other hand, by making )8 = y. 

The nature of the losses is slightly different from that in the closed passages. 
Here, there can be no spurious expansions due to variation of area of passage. 




Fio. 185. 



The surface friction is less in these open buckets, but spilling and breaking- 
up appears to be greater — features that do not matter so much in a simple 
turbine or for one of the type 1 compound arrangement. For this reason 
compounding by type 2 in more than two stages has been found, by the 
makers of the Stumpf turbine, to give inferior results. 

Shock due to a faulty inclination of the buckets will lead to further 
spilling — the bucket being *open' — as at ^, Fig. 133a, which again leads to 
further breaking-up of the stream, especially if the error in inclination is such 
that the stream seeks to contract in thickness. 

The total loss may be allowed for as in the previous examples. 

Make Vg = to (say) '9^2 ; in Fig, 135 CD = -QBC. Then ^4 is A^D, and the 

efficiency is, as before, — LjlZ__2/. 

Buckets of the type just discussed may, of course, be closed by filling in 
the space D, Fig. 133a. 

NUMBER OF STAGES.— To find the number of stages or wheels, 
the following* method may be adopted. Suppose the initial pressure to be 
P with a temperature r (dry, wet, or superheated, as the case may be), 
and the final or exhaust-pipe pressure Pn* ^^^ fii^t point to decide is 
the peripheral speed v of the wheels suitable for the mechanical require- 
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ments of the turbine, etc., and to determine the vane angles and the various 
velocities from the velocity triangles. 

v^ the nozzle or guide passage outlet velocity being known, the fall in 
pressure in creating a velocity v^ may be found by calculation or from 
Diagram A, making the usual efficiency allowance, which, as has been said, 
may be up to 95 per cent, (velocity efficiency). 

For the first stage, it will probably be preferable in the majority of 
cases to calculate the drop P to j?a, as the measurement is rather too small, 
as a rule, for convenient manipulation on the diagram. A better method 
still is to set out a curve of pressure and stages derived from the energy 
disposal per stage, as unavoidable inequalities in the calculated results 
can thus be equalised. Fig. 138 is an example. 

(a) Suppose that, having allowed a certain loss of relative velocity in 
the moving vane passages, the velocity v^ is in each case transmitted to 
the next stage without other loss than that embodied in the usual nozzle 
loss, then the additional velocity to be created in the second fixed passages 
(and all the following fixed passages if of the same diameter) is less than in 
the first stage, becaiise v^ is contributed from the preceding stage. 

f; 2 _ /•!; 2 

As before, (Aj?)t>= i - — i-^w ft. lbs., where (Ap)^ is the head disposed 
2gc 

of in each of the second and following stages, and c is the nozzle efficiency 

(energy), say 90 per cent. 

Thus (Ap)ft or to is known. 

Now, from Diagram A find the total foot pounds (W) equivalent to the 

complete drop P^ to Pn» p may be the condenser or exhaust-pipe pressure 

if the turbine is all in one and of the same diameter throughout, or the 

receiver pressures if the machine is split up into two or more turbines or 

cylinders — e,g. Fig. 87. 

W 

The number of stages = 1 + — . 

^^ to' 

This is obviously for a uniform efficiency in each stage. 

For a progressive variation of efficiency such as would be caused by 
gradually increasing a and p for instance, the problem is not much more 
complicated. Draw the velocity diagrams for three or four stages between 
the first and the last, and thus, having found out how to varies, proceed to 
apportion W accordingly. 

A similar process would be applied where the diameters of the wheel vary 
progressively. 

(b) Suppose the loss in each set of moving passages to be equivalent to a 
certain velocity loss as before, and that the construction is such that v^ is 
probably not recovered from stage to stage ; 

then Via — Vii, = Vic, etc. 

W 

and the number of stages = — , 

to 

where to = energy disposed of per stage, 
and W « total available energy. 

AREA OF FIXED OR NOZZLE PASSAGES— It has been 
explained that for this type (and for all impulse turbines) the admission may 
be 'partial,' that is to say, the nozzle passages may be isolated or in groups, 
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and need not extend all the way round — although it by no means follows that 
this is the best arrangement to make if it can possibly be avoided. 

The area required is naturally dependent on the proper quantity of steam 
required to pass through for the given maximum power. 

Precedent must be called in to help here ; and if the turbine is of similar 
design to others from which reliable steam consumption data have been 
obtained, the matter is one of simple proportion, and the number of pounds 
of steam required per second can be estimated. 

The area of the passages at each stage is dependent on the pressure and 
density of the steam corresponding to that stage. 

These pressures are readily obtained by the use of Diagram A, but for 
numerous stages the figures derived therefrom shoiild be faired up by a curve. 
Thus, in Fig. 136, draw a line 8 « at a distance w from the curved axis y y, either 
parallel to ^ ^ or at a varying distance from it according to the variation of w. 

Then, starting at P, draw 
the parallel - polars o^a, 
bybf etc., cutting 88 in 
a, b . . , . n. 

All these parallel- 
polars should be parallel to 
the original polar through 
P, because the dryness 
fraction (or superheat) 
progressively decreases 
unless reheaters be fitted. 
It is perhaps unneces- 
sary to remark that great 
care should be exercised 
with the drawing if accu- 
racy is required; but in 
any case, if the approxima- 
FiG. 136. tions made in other por- 

tions of the calculations 
are such that great accuracy is unnecessary, it is as well to keep rough estima- 
tions within bounds when an opportunity does more readily present itself. 

The use of the diagram for the above purpose will be found quite 
accurate enough, and far more rapid than plodding through masses of calcula- 
tions. Moreover, the visual appearance of the diagrammatic work is generally 
a check on itself and other functions as well. 

The amount of the pressure-drop p^ to p^j^i for any stage will determine 
whether the passages are to be wholly convergent, parallel, or divergent. 

For type 1 with many stages, as in the Rateau turbine for instance, 
they will, as a rule, be wholly convergent, that is, p^+i will generally be 
greater than 'SSp,^. 

The area of fixed passage at any part of the turbine where the velocity of 
the steam is the same is found by the simple formula 

Ap^Aj^i^ 
X x^ 

where A is the area in square feet, 

p the density or weight of the steam per cubic foot, 
X the dryness fraction, and 
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The area of section at right angles to the flow within any one fixed passage 
is given by 

where v is the velocity of the steam in feet per second, and Q is the quantity 
of steam passing per imit of time (second) in lbs. 

In the above and similar expressions the relative volume of the entrained 
water (represented by 1 - a) is considered to be negligible. 

Now the width of the passage at right angles to the flow varies as the sine 
of the angle of inclination to the direction of motion of the wheels. 

So that, for a passage starting axially (taking the more general parallel 

flow tyT)e), the ratio of widths of inlet to outlet is -: — . 

sni a 

At a, 6, Fig. 137, the steam conditions are respectively 



It may happen that 



[ or in continuous notation 



p', v\ p\ etc. 
p , t; , p , etc. 

p'v'x' 1 
pvx" " sin a 



►m Vi ic,„+i sin a) 



Pi 



but it is highly improbable in the majority of cases. 

It therefore follows that the height of the fixed vanes should vary from 
the section at a to the section at b if proper expansion or contraction is to be 
provided for. 

Examples, — To take an example : 

Let t\ = 1000 feet per second, 

;? = 160 lbs. per square inch, 
a:' = l. 

Then from Diagram A, Fig. 137, and the steam tables, 

p'= -352, ;?'= 124 lbs. (about), 
p'' = -281, a:2 = -935, 
and t7^»175 feet per second, supposed to be transmitted 

from stage to stage. 

Let h be the length of the vanes, and w the width of the passage. 
Then, as above, 



At a: 



Q = — ^ generally. 



Q_^A„x -352x175 
^" ~1 
= 61-6 A« 
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Ath: 



Q = 



A, X -281 X 1000 



•985 



= 285 A, 



Therefore 


A5 = ^^g^A«=-216A. 


that is, 


/V6'»='216M« 


but 


«76=-342w«(a = 20'*) 


Therefore 


^. = |J|^a=-632^„ 


Ate: 





K'o^^K^i 



but 
Therefore 


Bin a_«ij_», 

81U y tOc »i 


Similarly 


ha-'K 


Atd: 


K 


_ A» sin y 
•92 sin fi 


Therefore 


h 


•92 X -342 ^' ' 
= 1-235 A. 


The passage need not begin to contract until 






P-y 


At this point 




h'a = -^ approximately 
= •687 



18=^92(8ay) 



Fig. 137 is drawn with these values to scale. The relative values above 
determined are quite independent of the thickness of the vanes, provided the 
inlet and outlet edges are of the same thickness measured circumferentially. 

Note that the dryness will be approximately constant within the moving 
passages, for it is quite fallacious to suppose that the heat that could be 
generated by the 8% frictional loss is recovered in drying the steam a little. 
Even with a straight-line flow it has been stated on page 47 that the water 
generally collects in one spot, but when the flow (that is, the trajectory) is at 
all curved, the gi-eater part of the water is thrown to the outside of the 
curved path, and is therefore still more diflBcult to re-evaporate. 

It is certainly an advantage that the water is thus thrown out, because, 
after the stream emerges from the moving passages, the water is thus automati- 
cally separated to a great extent from the steam, which is then not so over- 
loaded with water as it would otherwise be when entering the stage following. 

On the other hand, the centrifugal action forces the water on to the 
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working face of the vane, the very worst place it could be in for exerting a 
drag on the stream. Centrifugal action is, however, comparatively small in 
this type of turbine. 

The length of arc of admission, which may be only 20 to 40 degrees at 
the first stage, follows from the selection of a suitable length of vanes. This 
arc may be divided up into sections, distributed at intervals around the 
circumference, but it is preferable for it to be all in one. The arrangement 
is nevertheless arbitrary to a certain extent^ 
and will be controlled by requirements. &. j,. 

LEAKAGE — Allowance for and T ^^Scc4^ Kvvwvvvvv>^ | 
Effect of Leakas^e. — There is inevitably a I t] [t r L 

leakage of steam from cell to cell between the .c 
rotor and the diaphragm hubs ; and unless this I i 

be allowed for in the progression of working jL ^ffZ^^^^^A 
areas, the progression of the pressure may 
depart considerably from that intended. 

For practical convenience, the lengths of 
the guide or fixed vanes would be settled before 
determining the lengths of the partial admission 
arcs, but all the areas would be roughly deter- 
mined at first without refinements and by 
neglecting leakage. The length of vanes, both 
moving and fixed, the various diameters of the 
shaft and discs, and the leakage clearances would 
therefore be known before adjustment is made 
for leakage. 

With type 1 (also type 3), whether disc- or 
drum-built, adjustment for leakage is most 
suitably made by varying the lengths of the 
partial admission arcs. 

Since Q, the total quantity of steam and water 
passing, is constant, it follows that the general 
effect of leakage is to narrow the arcs at the 
high-pressure end, from which they increase 
towards the low-pressure end to what they 
would be if there were no leakage. 

Let a be the leakage area, which will 
probably be the same for a group of cells. 

Then, at any fixed vane outlets, the total area required 

= Qxv 




Fio. 187. 



where v is the specific volume of the steam, with allowance for superheat or 
moisture, as the case may be. 

The, face area of the partial admission is 



= Qxi 



-a 



sm a 



- = F 



and the arc of admission 



length of fixed vanes 
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Thus, as the only variable for a group of cells is v, the calculations may be 
easily made in tabular form. 

Since the drops of pressure are usually small, it is always best to set out 
particular curves for the pressure and volume of the steam. 

The following example will illustrate the procedure : — 

For a given group of discs of the same diameter, let 



initial pressure 

„ superheat 
final pressure 
„ dryness 
number of stages 
quantity steam flowing 
each leakage area 
length of fixed vanes (h) 



= 100 lbs. absolute 

= 26'' F. 

= 50 lbs. 

= •982 

= 12 

= 3 lbs. per sec. 

•75 square inches 

1^ inches 
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From diagram A or otherwise it is found that one-third of the energy is 
disposed of when 79 lbs. is reached, and two- thirds at 63^ lbs. 

From the 4 points — more may be taken if desirable — we construct the 
particular curve of pressure A B, Fig. 138. 

We also find that the steam is just dry at 70 lbs., so that the specific 
volume is known for E. 

The initial v - -592 ^^^'^-^^^ = 47 

and the final v=-982 x 8-418 = 8-26 

Thus curve C D may be drawn. 
Now tabulate v scaled from C D as below. 
Other numerical constants are 
Q 3 



450 



= -00666 



a = "75 sq. inches =-00521 sq. ft. 



sin a =lix -342 =03208 
12 
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Stage. 


Press. 


V. 




100 


4-7 


1 


... 


4*88 


2 




6 07 


3 




5-29 


4 


79 


6-62 


5 


... 


6-8 


6 


... 


607 


7 


... 


6-86 


8 


m 


6-68 


9 




7-04 


10 


... 


7-41 


11 


... 


7-8 


12 


60 


8-26 




'00666 xy- '00621 
•08208 



= -850 feet. 

= '889 

= -986 

= 988 

= 1-041 

= 1-096 

= 1-156 

= 1-224 

= 1-298 

= 1-876 

= 1-464 

= 1-649 



The effect of leakage may be very approximately determined by the use of 
mean pressures. 

As an example, take the data from the example on page 215. 

The turbine is divided into three groups, having the initial and final pres- 
sures 160, 104, 37, 2 lbs. absolute, and power ratios of 1, 2 J, 5 respectively. 

The mean pressure for each group, that is, the pressure at which one- half 
the assigned energy is disposed of, is 128, 63, 10 lbs. 

Suppose the leakage spaces are 4 inches diameter by -^ inch clearance 
= -196 sq. inch. 

Since the loss by leakage at any one stage is proportional to the quantity 
of steam flowing through the clearance, the effect may be expressed in terms 
of the general formula 

Thus we have — 

Work lost by leakage proportional to : — 



HP 



IP 



LP 



-(^!^ 
"(1^ 
-(!« 



d-76 



•29 X 372^ 
•148x479) =1'64 

•0262x638^= "478 
3-878 



Suppose the total quantity of steam flowing to be 2*3 lbs. per second ; 
then work done is proportional to : — 



HP 

IP 

LP 



12 (2-3 -1465)= 25-8 
17 (2'3--0965)= 37-45 
21 (2-3 -0217)= 47-8 



11105 



Loss by leakage 



3-878 



= 3-49% 



11105 
Compare this with the values for the other types. 
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THICKNESS OF VANES.— The thickness and humping of the 
fixed vanes or nozzle walls depends mostly on the degree of expansion 
required. Where the stages are very numerous and the passages convergent, 
similar vanes to those used in type 4 may be employed (see page 161). 
Otherwise there is no particular rule for their shape, except that they must 
be strong enough for their purpose, and must properly direct the stream at 
the required angle. The experiments of Stodola do not suggest that any one 
form of passage presents any marked advantage over another. 

The case of the numng vanes is a little diiferent. 

There appears to be a general notion that vanes should always be thickened 
up in the middle until the width of passage is constant ; that is, the arcs a b, 
c (If Fig. 139, shoiild be struck from the same centre. 

This may be right ; it may also be quite wrong. 

The proper — or perhaps we should say, apparently best — shape depends 
on many factors — the trajectory of the stream, length of vane, pitch of vanes, 
and inlet and outlet angles. The determination of the trajectory or true path 
of the stream is given in Chapter VIL, and that chapter may conveniently be 
referred to at this juncture. 

Now, if the principal trajectory is sharply curved, 
there will be a centrifugal effect set up, and the 
pressure in the steam will rise again at the working 
surface of the vane, and fall proportionately at the 
back of the adjacent vane. 

The elemental velocities of the steam must decrease 

and increase accordingly. In order, therefore, that all 

threads of the steam shall traverse the passage in the 

Fio. 189. same periods of time, it is necessary that the front 

surface of the vane shall be longer than the posterior 

surface, or, in other words, that the vane must be segment-shaped in section. 

If there were no changes of density, all the original threads of the stream 
would describe similar trajectories, and the vanes would require to he of uniform 
thickness. With simple impulse turbines and with type 1 of compound turbine 
the trajectory is very flat, and may even be a straight line, so that there is 
little or no change of density due to a centrifugal effect. 

If, therefore, the lengths of the vanes are arranged in the manner shown in 
Fig. 137, the thickness should be uniform, and, of course, as thin as possible, 
consistent with strength. 

If the length of the moving vanes be varied in any other manner, as for 
instance with a straight shrouding, the vanes must be more or less segment- 
shaped, so that none of the trajectories of all threads shall have sharp turns in 
them. This, however, is a matter of trial and error. 

ERRORS INTRODUCED BY PRACTICAL CONSIDERA- 
TIONS. — It will be apparent from the foregoing and from similar examples 
that the residual velocities {v^ that require to be transmitted from stage to 
stage must, in the natiire of things, be of reasonably high magnitude, or else the 
entrance areas at a will have to be considerably in excess of the outlet areas b. 
Alternatively there must be a drop of pressure at entry to the fixed passages. 

It is certainly possible that badly made passages may cause such eddying and 
other losses that their efficiency is so reduced as to be equivalent to rejecting 
v^ when estimating the efficiency, number of stages, etc., of the turbine. 

From the previous considerations it also follows that if v^ is to be trans- 
mitted (observing that its direction is at or about right angles to the vane 
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motion), the only condition for an absolutely steady and unbroken flow is for 
the width of the fixed passages at similar points to be constant, the variation of 
area being given by a variation of vane length. 

This is a practical possibility (neglecting loss (e) ante) for a few stages, 
but is out of the question for a complete turbine, even if it be divided into 
two or more groups or cylinders. 

The general diagram of the type, Fig. 62, illustrates this point. 

The Figs. 6 2d and 62b are drawn showing a few stages in which the width of 
the fixed passages remains constant. A completion of the stages would extend 
beyond the convenient limits of the figure, but the progression of the length 
of vanes is indicated by the dotted line hh, which at once shows the practical 
impossibility of the arrangement. The alternative (under the condition of 
approximately constant peripheral velocity) is to increase the total width of 
the fixed passages. 

By this arrangement, the admission that is only partially around the first 
wheel may finish with complete peripheral admission at or before the last 
wheel. 

An inspection of Fig. 62g will show that it is impossible to collect the 
steam issuing from any one wheel in a parallel stream. The middle portions 
may certainly move straight into the next fixed passages without much 
disturbance, but one or both of the end portions of the stream have to be 
considerably deflected before they can enter. 

It will be observed that there can be no legitimate tendency for the stream 
to occupy a greater number of moving passages than actually face the in- 
coming stream. Allowing, however, for a little spilling into the two outside 
moving passages — which is not really part of the passage of the true stream 
— the amount of side deflection for entry into the consecutive fixed passages 
must, in any case, increase rapidly as the pressure diminishes. 

It is therefore absolutely necessary, if any approximation to a regular 
flow be required, that there shall be comparatively large clearance or 
collecting spaces cc between the outlet of the moving passages and the 
fixed passages. 

In any example of this arrangement, the churning or eddies created by 
the deflection, although they may not seriously diminish v^ itself, will detract 
from the efficiency of the nozzle passages. 

The necessary amoimt of area, which for constant angles and velocities 
increases directly as the specific volume of the steam less the water of con- 
densation, thus demands a rapid increase in the total width of the fixed 
passages. 

This increase is indicated in Fig. 62g by the dotted lines to w, and it will 
be obvious from this figure that although the admission be partial at the high- 
pressure end, it is by no means easy to obtain the necessary width at the low- 
pressure end unless very large wheels (with a slow speed of revolution) be 
adopted. 

The usual practical arrangement is a combination of the two methods of 
increasing the area ; that is, the length of the vanes is increased as well as 
the peripheral admission. The relative amount by which each is increased 
depends entirely upon circiunstances, and can follow no fixed rule. 

There is, however, no difficulty whatever in the calculations involved, which 
are made precisely as indicated for a varying length of vane solely, the length 
then being reduced proportionately to the increase in total width of the 
passages. The error in the regular flow will be proportional to the amount 

9 
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of side spread arranged for, and it is therefore desirable to keep it as small as 
circumstances will permit. 

A further error is often introduced by making the vane ends square 
instead of bevelled. 

If the fixed vanes are square-ended and of their greatest required length 
(inlet or outlet edge, as the case may be), and if the moving vanes are 
squarely shrouded, either by an ordinary shrouding or by a close fit to the 
casing, there will be a tendency to the occurrence of spurious expansions and 
contractions of the steam, and aspiration of the surrounding steam at entiy. 
v^ will consequently suffer, or the nozzle efficiency will be reduced. 

These losses will, in fact, be mostly of the order peculiar to a sudden 
enlargement or contraction of closed passages, and can only be alleviated by 
suitably thickening the vanes in the middle. 

There is no such thing as a mathematically accurate shape of vane in any 
practical sense, although sometimes we see that the possession of this remark- 
able property is claimed on behalf of certain vanes. A very important 
feature that vitiates all attempts to fashion the vanes for a given progression 
of velocities and densities is the almost unavoidable existence of waves created 
by the nozzles, which are aggravated by the necessarily 
rectangular sections found in convenient practice. It 
is only by the merest chance that these waves do not 
occur. When they do, the slightest variation in 
pressure alters their amplitude and phase. 

It appears, therefore, under these circumstances, 
that we must be satisfied with shaping the back of the 
vanes so that all trajectories are of fair form, and 
without sudden changes in curvature, thereby pre- 
venting further disturbances. 

The shroudings over the moving vane ends are 
sometimes omitted (as, for instance, in the present 
Zoelly turbine). In such a case the peripheral clear- 
ance must be small, in spite of the fact that this type of turbine is specially 
directed against peripheral leakage and minute clearances, otherwise the 
natural spreading of the stream over the surfaces (see Fig. 80), which by the 
absence of shrouding become to a certain extent 'open' buckets, causes a 
direct spilling over the vane tips. 

This spilling will, even when slight, occasion eddies, with a consequent loss 
of applicable energy, which is only recoverable in part by bevelling the fixed 
vane ends. Fig. 140. This bevelling, although not convenient with some 
forms of construction, is admittedly often useful in obtaining the approxi- 
mately correct expansion within the passage. 

LEAD. — From a consideration of the trajectory of the stream, it 
becomes necessary, in cases of partial admission, to place each set of 
fixed passages in advance of the preceding set. This advance is called 
Mead.' 

Accurately determined lead is imperative with passages of constant width 
(Figs. 62c and 62b), and is desirable in arrangements that are a combination of 
the two methods of progression, as such a provision conduces to a steady 
flow. 

The amount of lead necessary will be seen from Fig. 141 to vary according 
to the relative velocity through the passages, and is found according to the 
instructions given in Chapter YII. In the particular arrangement depicted 
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in Figs. 62d, 62b, the lead will be constant for each stage, because the relative 
velocity is constant throughout. 

In the constant-length-of-vane arrangement the provision of lead does not 
matter much if the spaces c are large enough to allow for the side-spreading 
which occurs before entry into the next fixed passages. Moreover, with this 
and the combined arrangement the increase of area required from stage to 
stage is itself generally greater than the lead, and conditions are satisfied by 
making the passages extend on both sides of the mean lead line, but inclining 
to one side or other according as the prearranged exit velocities v^ are 
disposed. 
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CHAPTER VII. 
THE TRAJECTORY OF THE STEAM. 

Contents : — Cases 1 and 2 ; Impulse Turbine without Loss— Case 8 ; Impulse Turbine with 
Lobs— Case 4 ; the Effect of the Vane Back— Case 5 ; Reaction Turbine. 

THE TRUE PATH OR TRAJECTORY OF THE STEAM.- 

The path actually pursued by the stream in the moving passages is not 
to be confused with the shape of the vane, because the vane has moved an 
appreciable distance in the time elapsing between the entry and exit of 
the steam. 

Case I. Take the case of the semicircular vane ABC, moving in the 
direction of the arrow, Fig. 141, A being the inlet and C the exit end. 

Suppose the initial velocity of the steam to be v^ and the vane velocity v. 
Then the relative velocity at inlet, that is, the velocity of the steam over 
the vane surface (or mean path, if ABC represent the mean static path 
through the vane passage) is v^-v^v^. 

In the impulse turbine, the relative velocity remains constant when 
there are no losses, so that v^ = -v^ (visual notation). 

The time occupied by the stream in traversing the path is therefore 

i = ~, where r is the radius of vane. 

The distance moved by the vane in the direction A X during the time t is 

and the distance moved by the vane when the stream has traversed any 

distance A E is 

, AE « 
a = — V 



meoiured from the point E, not from the diameter AC. 

It follows that since d is only dependent on the size of the vane and the 
ratio of t; to v^ — and not on the absolute values of t?, Vg, v^^ etc. — the trajec- 
tories for the same values of vjv^ are similar cunres. 

The curves in the accompanying diagram, Fig. 141, are therefore standard 
trajectories for semicircular vanes of any size when there is not internal 
frictional loss. 

* All units are in fetot and seconds. 
182 
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Fig. 141. 
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This diagram is constructed as follows: — 

(1) Let «' = ^; t^en v^^v^-v^'^^^v 



and D = — = wr. 

V9 



(a) Let AE = ^; then d^'!^. 



Setoff CF = irr. 



SetK)ffBG = ^. 
2 

(b) Let AE = |irr ; then d = -ttt. 

SetK)ffHK = ?^. 
4 

And similarly for other values. 

1 3 

(2) Let ^""l^i^ *^®^ «'2=^i*"*' = T*^i 

and D = irr-i. ^=-^. 

4 Svj 3 

Setoff CL*'^, etc. 

In Fig. 141 the six curves represent the trajectories for vane velocities 
of •!, % '3, "4, '5, and '6, the inlet stream velocity, respectively. 

Case 2. If the vane is not a complete semicircle, but only extends from a 
point F to a point G, which is the most usual arrangement, the process of 
obtaining the trajectories is precisely the same as before. 

The time occupied is — , where is the angle subtending the arc. 

Orv 



Therefore D = 

and 






It follows, therefore, that the curves are portions of the previous curves, 
except that the starting-points are at F instead of A. 

Fig. 142 shows the trajectories for various values of v/v^. 

It will be observed that, from the nature of the curves, the tangent to the 
trajectory at any point is parallel to the absolute velocity of the fluid at that 
point; also that the tangent to the vane (or mean line) is parallel to the 
relative velocity. 

Thus Figs. 143 and 143a illustrate the progression of the velocity changes 
of the fluid while passing from one side to the other. 

Case 3. Now let v^ change to some less value, ^3, on account of a 
frictional (or equivalent) loss. 

At first glance it might be considered reasonable to suppose that the 
reduction of relative velocity takes place at a uniform rate. Since the 
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trajectory may, however, especially with semicircular vanes, have a very 
sharp turn at the outlet end, and as the curvature decreases generally towards 
that end, there is more reason to suppose that the rate of loss increases as 
the stream proceeds. That this is so appears to receive confirmation from 
the results of many experiments made indirectly. 

In ordinary cases, however, where the vane arc is much less than a semi- 
circle, the sharp turn is cut off the trajectory, and it will be sufficiently 
accurate lo assume that the rate of loss is uniform. 

To find the trajectory, first draw the velocity diagram as in Fig. 144, in 
which, for example, v^ = 'Ybv^, 

The progression of the point B to the point D is represented by the dotted 
line, which is so constructed that the relative velocity decreases uniformly 





Fio. 146. 



per degree of change of direction. Thus C2 bisecting DCB is equal to 

DC + BC . 

— — — : and so on. 

2 ' 

Select suitable divisions, such as 1, 2, 3, and complete the triangles for each 

point. 

v^ is then known at several positions along the path. 



As before 



a = arc x — ^ 



but in this case v^^ is the average rdaiive velocity up to the point taken. 

In Fig. 145 two trajectories are plotted out in the above manner. 

For the complete semicircular vane, where the final sharp turn in the 
trajectory probably occurs, the form of the dotted locus of B may be varied 
at discretion to allow for an increasing rate of loss. Any other locus will 
necessarily lie between the curve of uniform rate, as in Fig. 144, and the 
circular arc described when v^ is constant. The locus may be determined 
by the eye without materially altering the result. 
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Case 4. — Hitherto the trajectory of a stream directly controlled by the 
working surface of the vane has been dealt with. It is obvious that if all 
portions of the stream within the vane passage have parallel trajectories the 
vanes require to be of imiform thickness from inlet to outlet. In cases where 
the principal trajectory is comparatively flat there can be little centrifugal 
effect and all the stream lines will be practically the same. 




If the vane edge is so thin that loss by shock is negligible, a vane of 
uniform thickness will not usually be strong enough to resist the impulse, and 
a little thickening in the middle becomes necessary. 

On the other hand, if the radius of curvature of the trajectory is compara- 
tively small the centrifugal effect may be considerable and the vane passage 
should approximate an annular form. 

The annular form must not be applied indiscriminately or it may lead to 
considerable distortion of the stream lines. Thus in Fig. 146 the bounding 
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trajectories of the stream are illustrated for vanes so thickened as to give an 
approximately annular passage. 

It will be seen that with the particular velocity conditions assumed the 
flat tangential portion of the vane-back at exit leads to a negative curvature 
of some of the stream lines, and that the trajectories of the inner and outer 
stream lines are very different from one another, although the displacements 
are, of course, the same. 

In practice the inner trajectory should be assumed and the section of the 
vane determined from it. When making this assumption, care should be 
taken to avoid sudden changes in the area of the stream, which should adapt 
itself generally to the conditions of flow. 

The effect of oscillations of pressure created in the nozzles can hardly enter 
the problem, so that we are forced to conclude in many cases that the determina- 
tion of best section of vane is 
more of an experimental than 
a mathematical problem. 

Case 5. The case of the 
reaction turbine in which 
V2 increases to v^, v^ being 
about equal to v^ in magni- 
tude, is a little different from 
^ V the above cases for impulse 
turbines. In the reaction 
turbine the moving passage 
is itself a nozzle passage, and 
the rate of fall of pressure, 
with the simultaneous rise of 
v^ depends on the difference 
of pressure, and the accuracy 
of the passage areas having 
regard to that difference. 

The rate of fall of pres- 
sure, again, may be depend- 
ent upon the general curva- 
ture of the vanes, a matter 
that at present has not been the subject of special experiments. The locus 
of B is therefore largely a matter of conjecture, and is not necessarily confined 
to the narrow limits of variation of shape, as in case 3 above. 

A determination of the trajector}' is therefore highly involved, and more- 
over, in the usual constructions adopted in the Parsons systems, is different 
for every stage throughout the turbine. This is, however, of no great import- 
ance for this type of turbine, because the admission of steam is necessarily 
total, or all the way round, and the question of lead does not enter. 

An approximation to the trajectory may be ascertained by assuming that 
the increase in relative velocity takes place in some regular manner, as, for 
instance, in equal increments of velocity in terms of the angular turn of the 
mean path between the vanes. 

This amounts to assuming the form of the locus of B as indicated for case 
3. It is more important to take the mean line EF, Fig. 147, than in the 
previous cases, for reasons that need no further explanation. The construction 
of the diagram then proceeds exactly as in case 3. 
A typical example is given in Fig. 147. 




Fig. 147. 
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CHAPTER VIIL 
EFFICIENCY OF TURBINES. TYPES 2 and 3. 

GoNTEirrB :— Efficiency of Type 2--Example8— Relative Lengths of the Vanes— Length of 
Vanes constant — Thickness of Vanes — Vane Losses— Errors introduced — Lead- 
Type 8— Effect of Leakage. 

TYPE 2— 1st arrangement— Let the exit angles from all nozzles, 
fixed and moving passages be constant {e.g. 20'). The inlet angles will 
then vary according to the character of the triangles of velocity. 




Fig. 148. 



The aggregate loss in the vanes and guide passages will, in general, be 
greater than in the previous type, because the velocities dealt with are very 
much greater, particularly in the first stage, and appear to be less manageable. 

Suppose there are three stages : then the loss by internal resistance (items 
d^ e, k, page 111) in the first stage will be greater than in type 1, because in 
this case v^ is much greater. 

This cause of loss will be less for the next two stages, but ti-ansmitted 
eddies and consequent spilling will result in their not being fed with the full 
quantity of steam. Accordingly the proportion of velocity head lost will 
probably be gi<eater than in the first stage. 

This reasoning is confirmed by the generally unsatisfactory results 
obtained from turbines of this type with more than two stages. 

In the arrangement now under consideration, when the loss in the passages 

13» 
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is reasonably small, progressive increase of vane length is required for two 
reasons, viz. — 

(a) The loss of relative velocity head within the vane passages. 

(b) The re-contraction of effective exit width of the passages by reveraion 
to the original angle a. 

Emmple8,—k few typical examples of efficiencies will now be given. 




Referring to Fig. 148, and the accompanying Table VI., v^ is taken to 
be •75^2, anda = )8=20'. 

Fig. 148 is drawn for three arrangements in which the vane velocity »= '1, 
•15, and '2v^ respectively. The efficiencies work out (by scaling the diagram) 
to the values given in the Table VI. The figure is completed for tJ=»-15»i, 
the first stage triangles only being drawn for the other values. It will be 
observed that with each of these values of v, the velocity head is usefully 
exhausted in two stages. 
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Tablb VI. 

(For Fig. 148.) 



^1 


V 


«i 


1 


aia 


a^ 


Oi-Oa+aia-Oto 


Efficiency 


1 
1 

1 


•1 

•15 
•2 


•94 
•94 

•94 


-•641 
-•466 

-•376 


•412 
•364 

•3 


-•148 
-•022 

+ •092 

1 


2-041 
1-971 

1-623 


•2x2-041 = -408 

•8x1 -971 =-691 

•4x1-628 ^^^ 
J — = -609 




Fig. 160. 

The total diagram efficiency is not ^i^ " ^4(>ima>^ ^or M«i~^)\ as it would 
be if there were no vane fosses. 

For each stage the work done is -i 2— — 2 ^ (page 15), the vane loss 

being ^^ " ^^ . To obtain the total efficiency, the total work done must 

he found and divided by JL. It is much more convenient to use the formula 

involving the velocity-of-whirls. 

The total efficiency for any number of stages of this type of turbine is then 

Fig. 149 and Table VII. show the variation of efficiency when v^ = -921;^ the 
probable practically ideal case, but one which has not as yet been realised. 

Fig. 160 and Table VIII. give the stage efficiencies when a = j3 = 30'* and 
t;g-*92r2. 
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Table VII. 
(For Fig. U9.) 







a b e 




V 


(ai-«a) + («i-«2)+(«i-««) + (ai-««). 


4 stages 


•05 


1711 + 1-282 + -921 + -618 =4-682 


8 ., 
2 „ 


1) 


= 2-993 


l8t stage 
2nd „ 
8id „ 
4th „ 


fi 


1711 

1-282 

•921 

•618 


4 stages 


•1 


1-627 + 1-048 + -665 + -166 =3-88 


8 7 
2 „ 




=8-225 
= 2-67 


1st stage 
4th „ 


n 
»} 


1-627 

1-048 

•666 

•165 


8 stages 


•16 


1-586 + -821 + -216 =2-578 


2 „ 


M 


=2-367 


1st stage 


»l 


1-586 

•821 

•216 


2 stages 


•2 


1^449 + ^699 =2-048 


1st stage 
2nd „ 




1-449 

•699 



Efficiency 



•Ix 4-582= -458 
•1x8-914= -891 
•Ix 2^998 =299 

•1x1 -711 = -171 
•1x1-282= -128 
•Ix -921 = -092 
•Ix -618 =^062 



•2x8-38 =-676 
-2x3-225= -645 
•2x2-67 =-584 

•2x1-627= -826 
•2x1 -048 = -209 
•2x •666= •111 
•2x -165 =-081 



•8x2-678=772 
•8x2 •857 =707 

•8x1 -686 =-461 
-8x -821 = -246 
•8x -216 = -066 



•4x2-048= -819 

•4x1 -449 =-58 
•4x -599= -24 



v, = l. 



Table VIII. 
(For Fig. 150.) 



4 stages 


•1 


1-498 + 


•99 + •668 4 


- -209 


=3-266 


•2x8-266= •661 


8 ,» 


>f 


II 


II 


>} 




=8^046 


•2x8^046 =-609 


2 ., 


»i 


II 


II 






=2^488 


•2x2^488 = -498 


'1st stage 


II 


1-498 










•2x1 -498 =-8 


2nd „ 


It 




-99 








■2x -99 =-2 


8rd „ 


ti 






•668 






2x -658 = •!! 


4th „ 


tt 








-209 




•2x -209 =-042 
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In Fig. 149 are plotted the efficiencies of each stage (referred to the total 
head) separately, and of two or more — ^up to the maximum number of stages 
possible — of stages combined. 

On examining these diagrams and tables the total efficiency will be seen 
to depend not so much on the individual efficiency of any one stage, but 
more upon whether the exit velocity from a certain stage is sufficient for 
profitable transmission to a further stage. It will be observed that the 
percentage of energy abstracted in the various stages rapidly decreases from 
the first stage ; and that even if the residual velocity from, say, stage 3 of ('I) 
Table VII. be passed on to a fourth stage, the extra work obtained only amounts 
to about 3*1 per cent. 

In general, it will certainly not be found profitable to add a stage — the 
last stage is the most expensive stage too — that yields so little return. 




Fig. 161. 



THE RELATIVE LENGTHS OF THE VANES at the 

various points are found as follows : — 

Referring to Figs. 151 and 148, but taking Vg= •92^2, etc. ; 

Let the length of nozzle or Ist fixed vanes = ^ 



Then 



Thus 
and if 



1st moving vane inlet = ^ 

2nd fixed vane inlet = /ii 

. , . , 100 sin 8, , 
„ „ „ out\ei = h,x--x^-^ = h, 

2nd moving vane inlei^h^ 



100 . sin 



„ outlet = 7Lxi;i^x°4^^^ = /*s 
^ 92 sin p ^ 



, ^ sin 72 sin S^ sm yi/lQ^ Y^ 
^ sin a sin *B V 92 / 



"B 



sin y, sin 8, sin V^y^ and so on. 



Sin «a \ 92 / 

This calculation is rendered very simple by finding the lengths progressively. 
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A vane efficiency of 92% has been introduced above, but other values may 
of course be taken according to circumstances. 
Suppose, for example, that v = '2vy 

Then if a = 20* , sin a = -342 

Vi = 24-8" ,8in7i = -419 
8i = 27-r , sin 8i = -455 
72 = 31-25', sin 72 = -619 

and ^ = 1 

' -342 92 




Fig. 162. 

These dimensions are illustrated in Fig. 151, which shows in a striking 
manner the increase of area required in a short distance. The general 
arrangement, Fig. 62c, is also proportioned on similar lines. 

2nd arrangement— Length of vanes remaining constant— The 
inlet and outlet angles of the vanes must now progressively increase in order 
to provide the necessary increase in area for the flow. 

Fig. 152 shows the construction of the velocity diagram. 

AB is Wj the nozzle outlet velocity. The outlet velocity AD from the 
moving passages becomes more nearly at right angles to the vane velocity 
AC, as the stages progress, until further resolution is practically impossible. 
The outlet velocity is thus obviously determined mainly by the initial 
angle a. 

Fig. 152 is drawn for a= 20', and v^= •92t;2. 

Table IX. gives the various efficiencies for different values of v/vy 
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4 stages 

Ist Stage 
2nd „ 
8rd „ 
4th „ 


V 

05 

i> 

n 

II 
II 
II 
II 


a b c 


Efficiency 


1-7 + 1-217 + -78 + -338 =4 036 

= 8-697 
= 2-917 

1-7 

1-217 

-78 

•888 


•1x4-035= -4035 
•lx8^697=^369 
•1x2-917= 291 

•1x1-7 =-17 
•1x1-217= -121 
-Ix -78 =078 
•Ix -888 =-034 


8 stages 
2 ,. 

1st stage 

2ndT 
8fd „ 


•1 

II 

II 
II 
II 


1-601 + -921 + -182 =2-704 

= 2-622 

1-601 

•921 

•182 


•2x2-704= -541 
-2x2-622= -504 

2x1-601 = -32 
•2x -921 = -184 
•2x -182=086 


2 stages 

1st stage 
2nd „ 


•16 
II 


1-608 + -662 =2-16 

1-508 

•662 


8x2-16 =-648 

•3x1 -508 = -462 
ix -662 = -195 


2 stages 

1st stage 
2nd „ 


•2 

II 
II 


1409 + ^852 =1-761 

1-409 

-862 


•4x1 -761 = -704 

•4x1 -409 =-664 
•4x -362= -141 



The construction of the diagram for this arrangement is much simplified 
by the following geometrical consideration : — 

CD is required to be '9203 (or any other chosen value of CB). 

Set off C6=-92CB, and draw the arc boD with centre C, cutting BX 
drawn parallel to AC in o. 

ThenCo = C6 = CD. 

Now, for the required increase of area, 

Sin )3=s ?i^-5^ because h is constant. 



But 



sin y _No_FB 
•92 *" Co Co 



Therefore PD = FB, and D lies on the line BX. 
Similarly the other points B^, Dp etc. lie on the same line BX. 
Draw another parallel line hx ; then all the 92 per cent, outlet velocities 
maj be readilj taken with the compasses for striking the corresponding arcs. 
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The separate and combined efficiencies for Table IX. are set out in 
Fig. 153. 

A comparison of Fig. 153 with Fig. 149 will show that the practical limit 
of the number of stages is reached more rapidly for the same values of v 
in the case of the constant-length arrangement, and that the maximum 
possible efficiency is greater in the former arrangement. 










Vj— 32 1/^ 








And 


1^/*- 521^4 


Ae. 






a = 20^ 


\ other Ls 


• y^ry ^^y^ 


- — 


HeiQht 




nsiant y"^ 


^ 






,^ 






^ 




// 


^ 


y^ 




i// 


y y 


f 






0/ / 


y 


^V^StBQC 






I/a 


/- 






^ 


/^s 


t^ 









OS 



Ratio %, 
Fio. 168. 



18 



It is obvious that the intermediate arrangements between the two just 
exemplified may be of infinite variety. For instance, the length of the vanes 
may be made to increase in a manner suitable for certain practical methods of 
manufacture, and the angles will vary accordingly. Or, for certain other 
methods of construction, it may be determined experimentally that the losses in 
the vanes progress in some manner according to the general intrinsic condi- 
tions ; the diagrams will require modification accordingly. 

The general trend of the results, however, will be very much the same, 
and to all intents and purposes somewhere between the two extremes above 
described, which do not themselves give efficiencies that differ greatly. 
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Revie^Hring the two arrangements, it is important to notice that it is prac- 
tically impossible to obtain anything like the efficiency of type 1 with the 
same individual percentage of vane losses, and this deduction — made on the 
same basis for both — is undoubtedly largely the reason why the type has not 
been a comparative success hitherto. 

Indeed, if future improvements take place to the same extent in both types, 
type 1 will always have the advantage. 

The total efficiency of the turbine will be, as before, the nozzle efficiency 
multiplied by the diagram efficiency just obtained ; and since the raison d'itre 
of the type is a low peripheral velocity, with a minimum number of vanes and 
parts, it follows that a maximum practical efficiency of more than about 60 
per cent, (as compared with the 81-7 per cent, of type 1) cannot very well be 
hoped for. 

Since the attainment of an actual 65 to 70 per cent, efficiency is considered 
good practice with either type 1 or 4, it follows that unless the vanes of type 
2 can be made to do something very much better than anything that has yet 
been accomplished, type 2 must ever be a failure from the point of view of 
economy. 

Inventors may profitably accept the assurance that it is absolutely useless 
to even attempt a greater number of velocity stages than 3 ; and those inven- 
tions embodying a dozen or more such stages, and for which patents are taken 
out with almost clocklike regularity, are quite futile. 

THICKNESS OF VANES.— As observed on page 128, if the 
lengths of the vanes are arranged to satisfy the general conditions 
above described, the thickness should be uniform, provided there is no 
centrifugal effect. 

With this type of turbine, and also with type 3, the trajectory for the 
first row of moving vanes is sharply curved, and it is only for the last row 
that it resembles that of type 1. There will therefore be considerable centri- 
fugal effect^ although in the moving passages it will not be at a maximum in 
the middle of the passage, but at the exit end. 

With the guide passages it is in the middle — or rather, it is practically 
uniform over the whole arc of the vane. All the vanes should therefore be 
humped. Further, if the shroudings are straight in the first arrangement, 
as must generally be the case in pra<;tice, a further degree of humping is 
necessary to provide steady trajectories. 

VANE LOSSES must in general be greater in this type of turbine 
on account of the centrifugal effect, as the steam cannot have its density 
alternately increased and decreased without some loss of effective energy, of 
the nature of ordinary nozzle losses. The principal effect appears to be to 
break up the stream, especially as there is the invariable accompaniment of 
nozzle waves, so that it is rapidly rendered useless for transmission to further 
stages. In these circumstances it leaks and spills imless the clearances (axial, 
not radial, in the parallel-flow turbine) are very fine. One of the features 
that types 2 and 3 should possess — that is, an independence of fine clearances 
— has therefore to be ignored, imless the inlet edges of the vanes are long 
enough to catch the parts of the stream that would otherwise stray. There 
is, however, just as much trouble arising from aspiration even then. When 
the vane lengths are in continuous progression, fine clearances have been 
proved to be absolutely necessary in onler to obtain a good economy. 

Fig. 154 shows an enlarged view of an up-to-date Curtis 3-stage vane 
arrangement (as applied to one of the principal stages of a type 3 turbine). 
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It will be observed that spilling and leakage are sought to be minimised by 
the use of fine longitudinal clearances and by overlapping various parts. 

In the Curtis Patent No. 16210 of 1903, illustrated on page 173, an attempt 

has, it will be seen, been made to reduce the variation of density by, as it 

were, dragging the steam away from the working face of the vane by means 

of a spurious expansion, and thereby decrease the vane losses. 

As a matter of fact, however, the cure is worse than the evil. 

ERRORS INTRODUCED BY PRACTICAL CONSIDERA- 

TIONS are precisely of the same nature as in type 1, with the exception that 

for ' closed ' passages, at least, the total width of the stream cannot be increased. 

It will be obvious that, as there is no reconstruction of the stream by 

means of secondary nozzle-like passages, it must proceed in a regular manner, 

and therefore that a constant total width *of passages — either partial or 

complete admission — is the 
only alternative arrangement. 
Increase of area can therefore 
be provided for only by one 
or both of the methods above 
detailed. 

A reconstruction of the 
width of the stream is per- 
missible within small limits 
for the open buckets of the 
^ Stumpf variety, but in general 
the arrangement is not even 
then practically convenient. 
The development of type 2 is 
consequently somewhat handi- 
capped by the elimination of 
an otherwise useful arrange- 
ment. 

LEAD.— If the width of 

the second and following 

guides (the nozzles being 

Fio. 154. No. 1) is only just sufficient 

to pass the quantity of steam 
flowing, that is, if they extend over an equal arc, it is necessary to provide 
lead so that the entry may be fair. The amount of lead is determinable 
by the method given in Chapter VII., and applies to either of the above 
arrangements. 

It is not, however, necessary that the width of the guides shall be the same 
as the nozzle width. They may be as much wider as may be desired, and it 
is desirable that they should extend two or three pitches of vanes both ways. 
Thus c d, Fig. 64b, may be wider than a 6, and c d' than a' h\ The main flow 
cannot possibly enter the wing passages if the lead be correct, but these 
passages provide to a certain extent for the aspiration and action of the 
spurious side flow. 

For instance, consider a moving vane passage as it approaches the nozzle 
passage. The whole of the dead steam within the passage should not be set 
in motion until the passage is nearly or quite under the nozzle, and then only 
without shock. 

But instead of this being so, the nozzle steam will begin to set the dead 



Digitized by 



Google 



BFKICIKNOY OF TURBINES. 149 

steam in motion before the passage is half way under the nozzle, and a certain 
amount of the surrounding steam is thus sucked in as well. Of course, all 
this is done at the expense of the energy of the main flow, with the result that 
the relative velocity within the passages as they come under the nozzle will be 
lower than when in mid-stream. Similar conditions occur as the vanes leave 
the nozzles. 

There is then, in effect, a side spreading in the total width of flow, and it 
has been proved that some of the work that would otherwise be lost can be 
recovered by adding a few extra guide vanes. The foregoing remarks apply 
to the following stages. 

'J*YPE 3. — ^The consideration of the velocity diagrams and efficiencies 
shows them to be identical with those of type 2, and similar general conclusions 
apply, but to a less marked degree, for, since the diagram efficiency (see Fig. 
149) increases as v/v^ increases, the aggregate practical efficiency will increase 
also. 

Type 3 has the practical advantage over type 2, which is further accentu- 
ated in type 1, in that the losses by spilling and leakage are collected at the 
end of the main stages (that is, in the receivers or their equivalent), and the 
steam usefully expended in the following stages. 

Since the number of rows of vanes in each main stage or cylinder is, for 
the same peripheral velocity, less than in type 2, the spilling losses are less, 
and the actual efficiency of each cylinder therefore approaches more nearly 
the ideal. 

In any case, as before stated, the practical limit of the number of stages in 
each cylinder for turbines on present-day lines appears to be three, or, with 
advantage, two only. 

In designing a turbine on this principle, care must be taken to see that 
the disc and ventilating friction is kept within bounds. 

THE EFFECT OF LEAKAGE.— The leakage between stage and 
stage must also be allowed for as in type 1. The example given on page 126 
will indicate the general procedure, the only difference arising from the fact 
that there are fewer stages. 

The effect of leakage may, however, assume alarming proportions if the 
clearances between the shaft (or wheel hub, as in the Curtis turbine) are not 
kept very small 

Take, for example, the data from Table XIII., p. 213, which is for the 
same size of turbine as in the example of type 1, and assimie the leakage 
clearance to be ^, the same as before, that is, '196 sq. in. We have then 
pressures of 160, 65, 23, 7^, and 2, initial and final as the case may be. 

Work lost by leakage is : : to OfiVi 

Stage 1 .;^xl523 x 1892 = -392 

144 



'196 
144 

•196 
144 

'196 
144 



x0572 X 1892 = '147 

x-0198 X 1892 = '051 

X '00578x1892 ='0149 
'6049 
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Work done is : : to Total quantity - "6049 
= 4x2-3- •6049 = 8-595 

Leakage loss = ^^^^ = 7-04% 

Compare this with the values for the other types. 

It has been so widely claimed that this type of turbine is immune from 
the leakage troubles of type 4 that the possibility of serious leakage between 
stage and stage has hardly been hinted at. It will be seen, however, that 
unless there is practically a steam-tight gland between the stages — which are 
quite inaccessible for examination or adjustment — it is simply a case of the 
transference of a common evil from one place to another. 
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CHAPTER IX. 
EFFICIENCY OF TURBINES— TYPE 4. 

Contents :— Type 4. — Variationa of Diameters of Drums— Number of Stages for a given 
Stepped Drum— Diagram Efficiency — Total Number of Stages— Area through Vane 
Passages, and Shape of Vanes— Total Area— Pitch of Yanes— Effect of Leakage. 

TYPE 4.— As previously explained, there is in this type of turbine a 
generation of velocity within the moving passages as well as within the nozzle 
or guide passages. 

The varieties of triangles of velocity that may be devised are even more 
numerous than in the case of turbines of type 1. 

For maximum efficiency the same influences prevail ; the pressure-head 
should be maintained as long as possible, that is, the velocity should only be 
created for immediate use; the residual 
velocity from each stage should be as 
low as possible, and the residual head as 
high as possible, consistent with the 
general velocity conditions. 

The particular consideration of the 
efficiency of the compound elastic fluid 
reaction turbine has little or no analogy ^^®' 1^^- 

with that for the hydraulic turbine, 
with the exception of the general resemblance of the velocity diagram. 

The attainment of maximum efficiency is also helped by providing that 
the expansion from one end of the turbine to the other shall take place in as 
continuous a manner as possible. In fact, this may be taken as one of the 
datum conditions of the type. 

The kinetic energy created in each passage, fixed and moving, should then 
be approximately equal, v^ will therefore be equal to v^ and, since the angles 
a and 13 are naturally as small as possible, and in practice, conveniently 
made equal to one another, v^ will equal v^ (see Fig. 155). 

Further, as there is no great reason to suppose that the loss of energy in 
the fixed passages is greater or less than in the moving passages (it is probably 
a little less, on account of the centrifugal effect in the moving passages), virtually 
the same proportion of v^ will be carried through the moving passages as of 
v^ through the next fixed passage. 

If, therefore, v^ = v^ and v^ = v^ we have a condition of good efficiency by 
the avoidance of jerky expansion. 

In any case, it is a further condition of good practical efficiency (as dis- 
tinguished from * diagram efficiency ' ) that v^ and v^ should be as small as 

161 
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possible, within the reasonable limits of obtaining adequate area for the 
quantity of steam required. 

If the same kind of detrimental action be supposed to take place as occurs, 
more or less, in the other types, so that the exit velocity from each stage is 
in resultant effect greatly impaired, and if, as has been shown, the number of 
stages is, with similar data, about double that of type 1, it follows that the 
smaller v^ and v^ are the better. 

V _ t? 2 

In Chapter I. it was stated that the ratio ^ is called by Prof. Rateau 

ya 

the ' degree of reaction ' c, when — - is the head to be disposed of in one stage. 

'2g 

If i\ »= Vj, and v^ = t'g, then — — -S- is also equal to c. 

It was further stated there that the best all-round efficiency was obtained 
when c « *5. So that, with the value *5, we again arrive at the statement that 
regular expansion is conducive to good efficiency. 

The remaining general features of the velocity diagram may be considered 
as follows : — 

Reverting to the general case (page II), when there are no losses, the 
head given for each stage (i,e, one fixed 4- one moving set of vanes) is h 

where h^ ^Iz^A^ 

Suppose h is constant ; also suppose a « jS » constant. 

Then V + VjiVi1?l = ^ork done 

2g 

and this expression requires to be a maximum. 

Therefore 2gh - v^ has to be a maximum. 

Therefore v^ has to be a minimum, to satisfy which 

Vj^ must be at right angles to t'g. Similarly i;2 must be at right angles to 
Vy On the other hand v^ and v^ are subject to various losses, and should 
therefore not be less than v. 

The various conditions that require to be satisfied consequently result in 
v^ and v^ being about at right angles to v. The normal value of t;^ is, prefer- 
ably, slightly in excess of , as it can then vary a little with the least 

detriment to the efficiency. 

VARIATION OF DIAMETERS OF DRUMS.— The following 
remarks apply more particularly to the usual parallel-flow arrangement ; but 
for a radial-flow turbine, the only difference that exists is in the transposition 
of some of the quantities. 

Since with this type of turbine, where there is expansion in the moving 
passages, and since, with the constructions that at present alone appear to be 
feasible, it is necessary to supply steam initially all the way round the drum, 
it follows that, with the retention of approximately similar angles to a^ and p^ 
throughout, a progressively increasing length of vanes is required. 

For this to be effected on wheels or a drum of the same diameter from 
end to end would result in excessively long vanes at the low-pressure end of 
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the turbine. In fact, they would be so long that a greatly different set of 
velocity conditions would exist between the tips and the roots, and an absurd 
distribution of pressures would be required for economical working. 

It is therefore necessary to increase the diameter of the wheels or drums 
to which the vanes are fixed towards the low-pressure end, as well as to 
increase by a reasonable amount the length of vanes. 

It has been shown in Chapter IV. that the number of wheels or stages is 
comparatively large in this type of turbine. Practical considerations there- 
fore demand that as many of the vanes shall be of the same size as possible. 
The total number often runs into many thousands, or even millions. 

Numerous schemes have been proposed for obtaining the progressive 
increase of area by building up the vanes on a conical drum. It is not at 
all a convenient method — except on paper — as it involves the accurate boring 
and turning of a very large number of diameters ; or, what is nearly as bad, 
the boring and turning of conical members having only a small working 
clearance between them. 

The Parsons turbine, and others on the same lines, compromise matters by 
making a series of drums of progressively increasing diameter, each drum 
containing several rows of vanes of the same, or approximately the same, size 
and length. 

Now, suppose there is on any one drum a number of rings of vanes of the 
same size^ that is, a number of stages with vane passages of the same area 
through and same vane angles, it is evident that, since the specific volume of 
the steam is considerably greater at the last stage than at the first of the 
series, the velocity of the steam at similar points must increase towards the 
latter end. 

It is therefore necessary to know what errors, if any, are introduced by 
the arrangement. 

If Q = quantity of steam passing in lbs. per sec 
A « area at any point in sq. ft. 

y » the velocity of the steam at the same point in ft. per sec. 
p — density in lbs. per cub. ft. per sec. 

Then (neglecting the dryness fraction) 

Q = ApV 

To take an example : Suppose the total range of pressure for the whole 
turbine be divided into 7 parts, so that the energy for disposal is equal in 
each part. Thus, for the range 170 lbs. pressure to 3 lbs. pressure (absolute), 
the total energy available is about 212,000 ft. lbs. per lb., and each group 
of vanes will therefore have to dispose of 30,300 ft. lbs. per lb. For the 
first group (which may be called the high-pressure drum), this represents a 
fall of from 170 lbs. to about 106 lbs. pressure. 

Let the mean vane velocity be 200 feet per second, and let the vane 
angles be a = jS — 20°, and in the first stage let v^ and t;^ be at right angles 
to AC or V (Fig. 156). 

Then in the first stage Vy = ^r^^ = ^r^- = 213 = Vo 

* cos 20 '94 

At the outlet of the fixed passages of the first stage the specific volume 
Fj = 2'7 cub. ft. per lb. (approximately). 

And at the outlet of the fixed passages of the last stage of the group, 
F«« about 4*2 cub. ft. per lb. 



Digitized by 



Google 



154 



THE THEORY OF THE STEAM TURBINE. 



Therefore, if the exit area from the first stage is the same as that from the 
n*** or last stage, 



^h^^^V55 



2-7 

Referring to Fig. 156, ABi = 1, AB^^ 1*55, AC = t; and remains constant. 
Similarly, „V3 = 1 -55 iV^ 

Thus, if the angle of the inlet edges of the vanes, fixed and moving, 
remains constant, the want of increase of area can be compensated for by 
increasing the velocities (the areas after the first group, et seq,, being such 
that the pressure between groups 1 and 2 can adjust itself to the 106 lbs. or 
other prearranged pressure). 

There is, however, an increasing loss by a spurious expansion at the 
entrance to each row of vanes. 

Through B^ draw B^g parallel to AC and strike the arc B^H with centre C. 

Then the spurious expansion is proportional to ^, ^„^n, and will 

be seen to increase rapidly with the oblique impact. 




Fio. 166. 

The limiting inclination of B^C when B^CA is a right angle or any other 
given angle is purely a matter of experimental determination as to how far 
it is profitable to sacrifice a certain amount of efficiency for cheapness in 
manufacture. 

The limit appears to be met when the number of groups is reduced to 
about 5 to 10, according to the pressure range available and the economy 
demanded. 

A more or less satisfactory compromise can be effected by setting the 
vanes to a progressively oblique angle, either initially or by subsequently 
twisting them, but the greater a and ^ are, the less the diagram efficiency is, 
and the greater the number of stages required to do the same work. 

On the whole, if the vane lengths have to remain constant for a number 
of stages on a cylindrical drum, it is better to put up with a certain amoimt 
of loss arising as indicated above, than to vary the relations of the parts in a 
complicated fashion ; a process that is quite likely to introduce as many errors 
as it attempts to avoid. 

The number of stages on a given stepped drum will, for the 
same disposal of energy, decrease towards the low-pressure end because the 
diameter increases. 

Suppose the last drum is 2^ times the diameter of the first drum. 

Then Vi (i^ iMt drum) =■ 2 J r^ ^^^ a,^ j,„„j 
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and the number of stages on the first drum is (2*25)^, or 5 times as many as 
on the last drum. 

Intermediate number of stages can be similarly calculated and easily 
checked from Diagram A. 

The question of diagram efficiency itself does not enter so largely into the 
problem as in the case of the previous types, mainly for the reason that the 
whole of the passages of this type of turbine are practically equivalent to a 
big nozzle from which the energy of the steam is extracted during the 
expansion, or, at any rate, during half of it ; while, if leakage and the effect of 
splitting the stream up into numerous divisions did not play such an important 
part, the efficiency would be very much the same as that of an ordinary 
nozzle of like capacity. 

Since the fixed and moving vanes are of similar shape in convenient 
practice, the loss in creating v^ will be about equal to the loss in creating v^, 
so that if Vj is required to have any particular value, the area through the 

passages must allow of the creation of a theoretical %-, where rj' is the nozzle 

V 
efficiency, 95 per cent, or less (velocity). 

If then V2 is transmitted through the moving passages so that v^ - v^ 
approaches its theoretical value, 

and if t'4 is transmitted through A^ ^ v ^-94 c 

the fixed passages so that t'lo - ^'4 ^ 

approaches its theoretical value, 
etc., it follows that, without 
leakage, the efficiency of the 
turbine will be the efficiency of 
the individual nozzle-like pas- 
sages, and may therefore attain 
a higher value than in any of Fiq. 157. 

the other types. 

THE DIAGRAM EFFICIENCY may nevertheless be compared 
with that of other types, but as a matter of secondary interest. 

Suppose a = )8 = 20° and t\^v^ v^^^v^y v^ being at right angles 
to V, 

Suppose the loss in the passages to be 8 per cent, (velocity) as in the 
other cases. 

Let yg be the theoretical value of the velocity generated in the moving 
passages (Fig. 157). 
Then, approximately, 

y8-t'2= •92(^8 -t^a) 
and if v^^v^^Y^ 

t)8 = 1-056 
The work done = 2f(ai) = 2t^ = 1 -766. 

The head supplied — v^ - v^ +%* * 

= rO--117 + M15 = l-998 

1 ,>J£i£t 

and the diagram efficiency = ^^^ = '885 

If the nozzle efficiency of the fixed passages attains the fairly high value 
* This applies simply to the moying stage by itself. 
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of 95 per cent., in which case v^ may be supposed entirely lost, the efficiency 
of the turbine will be 

88-5x95 = 84 per cent. 

Compare with the values for the other types (pp. 118, 147). 

It again appears tliat the possible efficiency of this type of turbine exceeds 
that of any of the other types. 

Leakage from stage to stage over the vane ends, and especially past 
dummy pistons, is, however, a serious item, and appears to completely nullify 
any semi-theoretical advantage, as above discussed. 

The actual efficiency of the Parsons type of turbine does not usually 
exceed 60 per cent. 

There is, on the whole, therefore, a very good reason for the adherence on 
the part of many inventors and designers to this type of turbine, provided 
that a fairly satisfactory solution of the leakage problem can be effected. 

The comparison of the performances of this with other types will be best 
made by studying the steam consumption data given in Chapter XV. 

TOTAL NUMBER OF STAGES.— Let the expansion be pro- 
perly continuous by increasing the length of each row of vanes the correct 
amount. 

Suppose that the velocity v^ is not lost, and that the total vane losses are 
equivalent to reducing v^ and v^ so much per cent, (say 8%). Then find by 
calculation — not by Diagram A, except for a check, as the values are generally 
too small — the energy equivalent to a creation of velocity 



V, - V. or v- - v.i 



t'o - V, 



2 = 1 



•92 
Thiis v' = 223-8 ^energy in B.T.U. 

or ^/energy in ft. lbs. x 64 4 



or e = 



50103 



Now find from Diagram A or by calculation the total energy E (B.T.U.) 
for the full drop of pressure, with or without superheat as the case may be. 

E 
Then the number of single stages = — 

e 

or the number of rows of moving vanes equals the number of rows of fixed vanes 

^E 

A direct application of these expressions at once shows that a uniform size 
of drum from end to end is impracticable unless the range of pressure be very 
limited. The increase of area would have to be obtained by lengthening the 
vanes, so that not only would impossibly long vanes be required at the tail end 
of the turbine, but we obtain complications so obvious that it is unnecessary 
to detail them. 

On the other hand, the steam velocities might be allowed to naturally 
increase in the manner indicated above, although it would be found that the 
limited range available is not sufficient for a complete turbine. 
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VaricUum of the diameter of the drums must therefore be adopted for 
turfnnes working with the uswd ranges of pressure. 

It is possible to arrange for a nearly uniform diameter of drum in the 
case of turbines divided up into two or more separate units (corresponding to 
the high-pressure, intermediate-pressure, and low-pressure cylinders of the 
reciprocating engine), and this is frequently done in the Parsons marine 
turbine. 

To find the number of stages when the drums are stepped : 

Suppose the mean diameter of the last row of vanes to have been settled 
by other considerations — velocity, space available, power, revolutions, steam 
consumption, etc. 

To take an example : 

Let the mean diameter of the first row of vanes be ---- that of the last 
row; 2-25 

the energy to be disposed of in each group or step be equal ; 

the number of groups be N = 5 (say) ; 

the number of stages (fixed -h moving) in the last group be n ; 

o = j8 = 20'; 

the maximum peripheral velocity (measured at the centre of the 

largest vanes) be 500 * feet per second ; 
the initial pressure be 160 lbs. al^., and the back pressure 3 lbs. abs. ; 

n must now be determined. 




Fio. 158. 

Select the maximum value of /^j, that is AB„, Fig. 158, — say 1*5/', and the 

minimum value of v. — say 

* cos a 



Then the mean value of i\ or AB„ is 

AB,>AB 

2 

Then on the last stage 



i(l-S + 4>-l-281' 



yj mean » 641 

i\ max. =750 

?'i min. =532 

and by scale v^ mean = 240 

i\ mean should be used for obtaining n, making an allowance of energy for 
vane losses. 

* This hiffh value is taken to i^bbreviate the example. The usual figure is about 800 
feet per seeonj. 
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Assume the loss to be equivalent to reducing the mean velocity in the 
passages to 85 per cent, of the theoretical. 

(This is a little higher value than the best value that has been obtained hitherto. ) 
Then 



V, — 


»ImMn-''«me. 


'4 mean 




•86 


'"'l mean = 


712 




(^i»-«r 


-{V, 


.n-.n)' 



whence 

As before, e= ^^,^« 

50103 

= 8-99B.T.U. 

E ^^3 {^8*) = 268 B.T.U. for dry saturated steam. 

268 



Then 



» = - 



5 X 8-99 



= 5-97 

Say 6 stages, fixed + moving. 

The remainder of the calculation may now proceed in the following tabular 
form : — 

Table X. 



Group No. 


1 


2 


8 
1-47 


4 

1-74 


5 


Ratio of mean diameters of vanes . 


1 


1-28 


2-26 

1 

1 


Ratio of number of stages 

or rows of vanes .... 


CD" 

= 5 


/2-25\2 
\V2S) 
= 8-82 


/2-26\2 
= 2 -88 


/2-25y 

vi-74; 

= 1-66 


Number of rows of vanes, fixed 
plus moving .... 


80 


20 


14 


10 


6 


Initial pressure .... 


160 


82 


41 


19 


81 
46 


Specific volume ¥ , 


2-79 


6-26 


10 


20-8 


Ratio of vane lengths . 


2-79 


6-26 


10 


20-8 


46 

2*26x641 

3-25 


1x284 
or 1 

834 
284 
287 


1 -28 X 849 
1-245 


1*47x417 
1-664 


1-74x494 
2-48 

580 
494 
412 


~ diameter of vanes xvi mean ' 


Vj mean 

«imin 


410 
849 
291 


490 
417 
849 


750 
641 
532 
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The various ratios of diameters given in the example above are highly 
arbitrary, but the process of trial and error soon determines what values will 
suit, an easy matter by the application of the slide-rule. 

It will be observed that the above treatment includes the first row, thus 
involving a slight error. 

In practice it is not always easy to make the last few rows on the last 
drum of the necessary length to deal with the quantity of steam required at 
t\ max. as proportioned in the preceding groups, a and j8 are therefore 
frequently increased with a corresponding sacrifice of efficiency of the 
stages involved, to compensate for which an extra pair of rows may be 
necessary. 

AREA THROUGH VANE PASSAGES AND SHAPE OF 
VANES. — Since the energy disposed of in any stage is intrin- 
sically very small, and generally well below the amount required 
to produce the critical velocity (about 1350 feet per second), 
calculations for determining the proper progression of area from 
point to point through any one passage are highly abstruse. 
Such calculations — even supposing a steady flow and transforma- 
tion of energy — would require more exact values (to several 
places of decimals) of the various physical constants of steam 
than we at present possess, or indeed are likely to possess. 
Fortunately, however, the exact determination of the shape of 
the passage is quite unnecessary. 

An approximate estimation of the relative areas of any stage 
at inlet and outlet can be made by ascertaining the energy 
disposed of in that stage. The passages require to be wholly 
convergent in any case, and this condition is at once fulfilled 
by employing vanes of uniform thickness, having the general 
conformation of Fig. 159, 

This amount of convergence will, however, generally be 
excessive where the vanes are of the same length at their inlet p,o 159 
and outlet edges. 

For example, take a stage somawhere in the middle of the turbine. 

Suppose p at inlet or p^ = 50 lbs. absolute 

x^ = '94 (dryness fraction) 

^ ~ |,^Q > at one of the distorted positions 

a = 20' 

From the steam tables we have 

Pi = -120, Ti = 740, Li = 917-4 



J= n/^-^-V^2-42BT.U. 
50103 



We now require to know p^, Xg, Tg. 
By III. (12), 



«=(ri-T2)(l+^)-T2l0gIl 

from which, t2 = 737 approximately. 
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So that 
and 

As before, 
At a, 



P2 = about 46 lbs. absolute 
X, = -933 about. 



Q^ 



-2 is now required. 

X 



Q^A„^2xl70^21.7A. 



Atb, Q: 



•94 

Aft X -11x400 
•933 



= 471Ak 




vAWWw 

a 6 

Fio. 160. 



whence, if ha- ly 7*6 = 1 •34. 

A similar calculation for any other stage will give similar results. For 
instance, if ^i = 10 lbs., z)i = 560, 174 = 240, x^^'Sb, we have 
c = 4-82 B.T.U., and hr=l'46ha (Fig. 160). 

It will thus be found that in general the exit area for 
square-ended vanes is much too small if xxhe the true inlet 
area (Fig. 159). 

Now, since a variation to the above extent in the length 
of one vane is out of the question in practice, it follows that 
either the contraction must be considered to be near the 
outlet, or a contracted section must be provided somewhere 
well within the passage, all portions in front of this section 
being in effect an *open bucket,' of which the surface xy 
receives the impulse of the stream, and the space z is merely 
a collecting space for stray currents. This function of the 
space z follows naturally in the majority of the passages in 
the usual Parsons construction, because the relative velocity 
at the inlet is oblique. See Fig. 156. 
It has been seen from experiments by Stodola and others (page 38) that 
whatever be the shape of the passage, the drop of pressure takes place more 
or less suddenly at, or about, the first contraction of section ; and that this 
drop of pressure (which generally exceeds the ultimate drop) is followed by 
a succession of fluctuations of pressure, which die out eventually, but which 
nevertheless occupy a considerable distance compared with the section of the 
nozzle. For the small drops of pressure in the present case the fluctuations 
are not large, but they appear to be of measurable amplitude and wave length. 
It is therefore desirable that these disturbances should be kept within 
the passage if possible, and not made worse by allowing them to occur 
at the clearance gaps, which could not fail to greatly increase the spilling 
and loss by eddy currents. 

A thickening of the vane at the part a. Fig. 161, naturally commends itself 
as a mode of realismg the requirements. 

Moreover, it has been seen from Rosenhain's experiments that the velocity 
efficiency of a nozzle is higher when the inlet is comparatively sharp than it is 
when well rounded. The thickening would therefore tend to improve the effici- 
ency of the passages as nozzles. Thus Parsons states that by thickening his 
yan^ as shown above and elsewhere, he obtained a benefit of at least 10 per 
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cent, (refer to Patent No. 8697 of 1896) over the previous form of vanes of 
uniform thickness. 

To detennine the allowable amount of thickening when ha^hj,; find, by 
a converse calculation to that given above, the ratio of A^ to A^, A^ being 
taken at the hump. The hump should be as near the inlet as possible, 
consistent with not obstructing the ready entrance of the stream from those 
passages where v^ and v^ are nearly at right angles to v. 

Further, it should be as far back as possible, since it gives a better 
opportunity for the oscillations to die out within the passage, and allows the 
tail ends of the vanes to perform their function of guiding the stream in 
the proper linear direction. 

THE TOTAL AREA through the passages that is required to 
pass a given amount of steam must be measured at the outlet or narrowest section, 
and not at xx, Fig. 159, and- the steam must then be taken to move at the 
various values of v, and % 

THE PITCH OF THE VANES should obviously be as large 
as possible, consistent with effectively directing the stream to the proper 
inclination. In the Parsons turbine the pitch is about *65 times the width 
of the vane when a = about 20', that is 

p = about -65 w (Fig. 161). 



KM 




Fig. 161. 

THE EFFECT OF LEAKAGE may approximately be ascertained 
in the same way as indicated for type 1. There are in type 4, according to 
the particular construction adopted, a few additional points to observe. 

Consider first the usual unshrouded vanes of the Parsons type, Fig. 162. 

Let Q be the total quantity of steam passing, and c the mean circum- 
ference of the row of vanes, which is large compared with the length of the 
vanes. 

Issuing from & fixed vane annulus we have a quantity 

Q ^ apv^ = {c(Z + b') sin a}pi\ directed at the proper angle a 
+ (cb^am o!)pfi\ passing through the clearance. 

The effective value of a will depend on circumstances. In the usual con- 
struction, the motion of the drum D, combined with the influence of the 
edges of the vanes and the stream within the vanes, tends to make the leakage 
stream take the same path as the main stream rather than to take the axial 
path. In other words, circumstances tend to choke and prevent leakage at 
this place. 

The velocity and direction of the whole stream issuing from the fixed vane 
annulus will therefore be much the same as if there were no clearance — pro- 
vided, of course, that the clearance be reasonably small. In any case the 
slightly greater average axial direction which the leakage stream will necessarily 
take will be quite as effective for doing work as that of the main stream, for 

11 
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^y^^<^^^^<^^^^^<i^^. 




Pio. 162. 



we have seen that the entrance angles of the vanes are practically only a make- 
shift after all. 

For the moving vane annulus the normal work done from the impulse 

of Q is then proportional to {c(Z + fc'')sin ajpyj, and from the reaction of Q 

from the moving passages the work done is proportional to {c(l-\-h")^\ji P}p\. 

The impulse portion 1/ tends to travel straight across the gap b' in the 

direction a, and is assisted by the motion 
of the vanes ; but the new velocity created 
by the further drop of pressure, together 
with the shape of the vanes, tends to pull 
the leakage stream axially again, to which 
it will readily respond, the axial path giving 
the greatest area. 

On the whole, therefore, there will be 
about an equal tendency for this non- 
working leakage stream to be heated owing 
to some impingement on the backs of 
the following fixed vanes, and to pass 
through without opposition on account of 
some more or less fair steam lines that 
may exist. 

It is a common — and rather far-fetched 
— supposition that the heating effect is 
communicated to the main bulk of the 
steam passing, although how this process 
can take place is by no means clear. 
It seems much more reasonable to suppose that the heat is conducted 
away through the metallic surfaces with which the leakage stream is in 
intimate contact. 

To sum up, we may then fairly consider that the portion represented by b' 
is lost, and we also have that — 

The worst possible relative value of the leakage loss per pair of rows 
will be 

— — — — for a clear axial blow-through. 

(l + b) Bin a ® 

The probable value will be about J- — -^-, — 
'^ (l + b) sm a 

where b = b' = b" and a = /3. 

It follows immediately that if the vanes be shrouded and have their roots 
raised above the level of the drum creasing, as shown in Figs. 173, 178, 184, 
etc., the remedy is worse than the evil, unless those constructions allow of 
the working clearance being less than one-half the clearance in the common 
construction. 

The loss by leakage over the vanes is not, as a rule, so great as is usually 
supposed, and varies from about '13 to '07 per cent, per y^nnr ^^^^ average 
clearance in small and large turbines respectively. 

The calculations are effected precisely in the same way as indicated for 
type 1. 

Example : — 

Take the data from the example on page 158, and let the various other 
dimensions be as in the following table : — 
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Group . 

Diameter 

h , 

h' and ft' 

Moau density 

Number of rows 

Mean velocity V| 



I 


2 


V 


r28' 


V 


1-245'' 


•02" 


•02" 


•26 


•146 


30 


20 


284 


349 



3 
1^47' 
1-664" 
•026' 
•077 
14 
417 



4 

1-74' 

2-48* 

•08^ 

•0367 

10 

494 



6 

2-26' 

3 •26" 

•086" 

•0168 

6 

641 



Then Q = constant = {e,g. group 1) 

1 



Total quantity effect 



314 X i X ^26 X 284 x -342 

12 (sin 20') 

= 6*6 lbs. per second. 

-30x6-6 = 198 
+ 20x6-6 = 132 
+ 14x6-6« 924 
+ 10x6-6= 66 
+ 6x6-6= 39-6 



5-28-0 



The leakage effect for clear axial blow-through 

•^ .11-6 



198 . 
•342' 



132 -02 
■•"•342^ 1-245°" 


6-2 


92-4 -025 
■'"•342"' 1-664" 


4-06 


66 -03 
■*■ -342 ^ 2-48 ~ 


2-335 


39-6 -035 
-342 ^ 3-25 " 


1-245 



25-44 



The worst possible loss 
The probable loss 



25-44 



= 4-82% 



5280 

= one-half this =2-41% 
= -0965% per -niVrr ^^^^ mean clearance 



A rough idea of the leakage loss may be obtained by simply taking the 
conditions at the middle of the turbine expansion, there being in general a 
very large number of rows of vanes. 

Thus i^ = 4-4%, mstead of the 4-82% above. 

Leakag^e past labyrinth balance pistons and glands.— Leakage 
post balance or dummy pistons may be a serious item if the clearances are not 
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kept very small indeed, and it is probable that, more often than not, this 
leakage loss exceeds that over the vanes. 

Consider the common type of labyrinth packing, as illustrated in Fig. 115. 
For a given drop of pressure between one side of the piston and the other, 
and with equal leakage areas at each ring on that piston^ it is impossible, 
when there is no loss or leakage of heat, for a difference of pressure to exist 
between any two rings, except at the last ring, where the full drop will occur. 
In other words, the steam simply fills up all the intervening spaces at high 
pressure, and the prevention of leakage is no more effectual than if there were 
only one ring. 

If gradual diminution of pressure be required without much or any loss 
of heat, the leakage area at each ring must increase proportionally to the 
intended specific volumes of the graduated pressures, allowance being made 
for the heat of wiredrawing. This, again, confers no advantage in reducing 
leakage, and the total effect is the same as if there were only one ring. It 
may, however, confer a mechanical advantage in particular constructions 
containing Ramsbottom or similar rings, where only a small difference of 
pressure is permissible between any two ring spaces. 

If degradation of pressure really takes place when all the leakage areas 
are the same, then loss of heat and formation of water must occur. This also 
involves the same total waste as before, except that 
the process is disguised. 

It has frequently been advanced that the presence 
of water exerts a material choking effect on the leak- 
age, that would otherwise pass through a^ steam. 
Such an advantage can, however, only occur when 
the water itself ceases to pass through readily, 
forming, as it were, a static water-seal. 
Fio. 168. To assist in attaining this more or less imaginary 

object, the direction of flow through the leakage 
clearances should be towards the centre, so as to be opposed to centrifugal 
effect (see Fig. 115). 

It will be noted that, to pass an equal quantity of leakage, the ratio of the 
velocity of water to that of steam is inversely proportional to the relative 
volumes, so that the water speed need only be roughly about 5 feet per 
second. 

The above remarks apply with equal force to labyrinth glands. 
We may ascertain the possibility of a successful centrifugal opposition by 
considering the following case : — 

Suppose that the thin ring of water A B (Fig. 163) has the full velocity of 
the dummy ring. Take the high-pressure piston, for which there is a total 
drop of pressure from 160 to 104 lbs. Let the diameter be 12J inches and 
the revolutions 2000 per minute. Then the weight of water per inch run of 
clearance 

= :^ X 3-275 X 62-5 x 1 = 177 lbs. 

W!^ = -iJJ^Il|^ = 126 1bs. 
gr 32-2 x -52 

If there is a permanent ring of water revolving in the above manner, it is 
probable that the full difference of steam pressure will at some time be 
exerted on any one ring. 
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The full steam pressure on the ring of water, blowing it against the centri- 
fugal force, is 

(160-104)3-275 x 12 = 2200 lbs. 

The steam pressure is thus overwhelmingly greater than any centrifugal 
force that can be created. 

Suppose that the pressure is gradually reduced, and that a series of 

pressure zones (which may be quite filled with water) are trapped between the 

successive rings. 

2200 
Then —— =-18 rings at least would be required. 

1 aO 

The water rings would, however, have an equal inducement to be held at 
rest by friction on the fixed ring as to revolve with the dummy ring. The 
mean velocity would therefore be only J?;, and the number of rings required 
would be 72, an impracticable number. Similar figures are obtained for the 
low-pressure piston. The above example does not, of course, take into account 
capillary forces, which, under the peculiar conditions, are quite unknown. 

It is very questionable whether surface tension (except for very minute 
clearances indeed) plays any important part under the kind of grinding action 
and with the clearances that obtain in practice. 

With the ordinary type of dummy rings, the rings must either actually 
rub or be clear. Now it is an extremely difficult matter to ensure having 
a given clearance when the turbine is at its full normal heat ; moreover, varia- 
tions of temperature and of superheat certainly do have a considerable effect on 
the relative expansion of the rotor and casing, so much so that it has occurred 
that the rings have fouled seriously, and have had to be renewed. The rings 
invariably do rub away in normal circumstances, where it is obvious that all 
conditions cannot be kept perfectly steady. 

It therefore follows that, for a given adjustment — which is naturally 
supposed to last for a considerable time — there will inevitably be a measur- 
able leakage clearance under the normal and sub-normal conditions of working 
when the rings have rubbed themselves just clear under some extreme 
condition of working (such as a temperature rise of 5"* or 10"* above the 
normal, and which is just as likely to occur on the first day of working as at 
any other time). 

Take an example : — 

Suppose the clearance is y/^nr ii^^h, and that the diameters of the dummy 
pistons are 12^, 19, and 26^ inches. 

Let the stage pressures be 160, 104, 37, and 2 lbs. absolute, giving 
available energy heads of 1:2^: 5. 

Then the leakage areas are 

(1) -005 X 12-5 X 314 = 196 sq. inch 

(2) 005x19 X 3-14 = -298 
(3) -005 X 26-5 X 3-14 = -416 

The maximum discharges per square inch per hour are in round figures 
(1) 7950 lbs. 
(2)5000 „ 

(3) 1810 „ 

and the quantities leaking along A, B, and C (Fig. 164) are 

(1) 7950 X -196 = 1560 lbs. per hr. 

(2) 5000 X -298 = 1490 „ 

(3) 1810 X -416= 740 „ 
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Now, a quantity 

1560-1490 = 70 lbs. passes through D to do work in the turbine, 
and a quantity 

1490 - 740 = 650 passes along E to do work in the low-pressure part 
of the turbine. 

Thus the leakage effect = 1 x 1560= 1560 

+ 2^x1490 = 3310 
+ 5 X 740 = 3700 

8570 



Pig. 164. 

For a turbine of this size the total quantity of steam used per hour will be 
about 12,000 lbs. 
Therefore the 

Total quantity effect = 1 2000 x 8 J - 99000 
and leakage loss =^^^ = 8*65% 

or about 1*7% per Yinnr ^^^^ clearance. 

This is a fair average value for the common construction. 

This combined with the vane leakage gives a total of 10 or 12 per cent. 

A few turbines have recently been made with a new arrangement of 
balance pistons in which the usual large low-pressure piston is replaced by 
another and smaller piston at the other end of the turbine, having intermediate 
pressure steam applied to the back side of it, which leads into the exhaust 
chamber. This is an improvement so far as dispensing with the large and 
unwieldy low-pressure piston goes, but increases the difficulties arising from 
relative expansion of the rotor and casing, since the adjusting block has 
necessarily to be at one end only. 

Most careful design and workmanship is required with such an arrange- 
ment, but, in spite of this, serious breakdowns have occurred. 

Future improvement of the drum-built turbine will almost certainly be 
towards the abolition of balance pistons. 
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CHAPTER X. 
TURBINE VANES. 

Contents :— Methods of Making and Fitting Turbine Vanes— From 1891 to 1903. 

METHODS OF MAKING AND FITTING TURBINE VANES. 

— Numerous methods have been devised with the object of reducing the 
cost of manufacture of the many thousands of vanes required for the steam 
turbine. 

The following devices are collected and abstracted from the patent records. 
Inventors do not appear to have devoted their attention to these details before 
the appearance of the Parsons turbine. 

Ail inventions relating to this subject are therefore of quite recent date, 
and those of Mr Parsons himself are among the most notable. 



==9 




Fio. 166.— Parsons, 10940, 1891. 



Fio. 166.— De Laval, 13770, 1892. 



The following is a fairly complete record up to date, and the sketches 
are mostly self-explanatory and do not require lengthy description. 

Parsons, 10940 of 1891, Fig. 165. 

The vanes are of bent strip, * set up ' at bottom end a, inserted in a 

groove cut in the rotor and casing. A slotted retaining ring b is then 

slipped over the vanes in the groove and the whole fullered up. 
De Laval, 13770 of 1892, Fig. 166. 

The vanes are stamped or machined, gripped between the wheel discs 

and held by the notches on the sides. 
Seger, 461 1 of 1894, Fig. 167. 

The lugs on the vanes, made of sheet metal, are inserted in the slots in 

the wheel rim and bent over. 

167 
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Seger, 22842 of 1897, Fig. 168. 

Shows one of the many varieties of the same method of holding vanes 
included in this patent. 





Fio. 167.— Seger, 4611, 1894. 



Pig. 168.— Seger, 22842, 1897. 



Parsons, 8698 of 1896, Fig. 169. 

This appears to be the first patent specification relating to fitting 
vanes of a variable cross-section. 

1. The vanes a are cut from strip metal. 

The packing pieces b are also cut from strip metal c. The vanes and 
packing pieces are then packed alternately into slightly undercut 
grooves in the rotor or casing, and are then fullered up, as at (2 
and e. This method is in common use at present. 

2. An alternative method in which the vanes are stamped with a foot/. 



^ ^* 



(^ '^ 




s> = 




0^-/1 



Fio. 169.— Parsons, 8698, 1896. 

These vanes are then inserted and fullered up in the grooves as before, 
no packing pieces being necessary. 

3. ^ is a tie or shrouding ring soldered or brazed into the vanes, h is 
a wire threaded through the vanes to hold them together more 
rigidly. 
Schmidt, 17481 of 1896, Fig. 170. 

The vanes are stamped to shape, fitted in drilled and slotted holes in 
the wheel disc, and fullered up. The lips a form a continuous 
shrouding. 
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^ 



Fio. 170.— Schmidt, 174S1, 1896. 

Parsons, Stoney, and FuUagar, 16284 of 1899, Fig. 171. 

1. The vanes, cut from strip, are fitted into slotted shroudings a and 6. 
The lips ef are then pressed over tightly on to the vanes. A special 
machine for both milling the slots and bending the lips over has been 
devised. The two operations are arranged to take place concurrently, 
the bending-over operation being a few pitches behind the cutting- 
out operation, so that the attendant has time to insert the vanes in 
place. The large shrouding a is inserted in a groove and the whole 
fidlered up. 

2. A method is also described for casting the shroudings on to the series 
of vanes, which are secured in their relative position by a light slotted 
shrouding of soft metal which becomes welded or melted into the 
heavier cast shrouding. 



Fio. 171.— Parsons, Stoney, and FuUagar, 16284, 1899. 

Parsons, 7065 of 1901, Fig. 172. 

A similar method to No. 8698 (2) above. Here the vanes are inserted 
in the ring grooves by way of the cavity a, which is finally filled with 
a locking piece as shown. The feet of the vanes are bevelled and of 
dovetail cross-section, and it is stated that no fullering is necessary. 

FuUagar, 7184 of 1901, Fig. 173. 

1. Segmental blocks hh are slotted to the approximate shape of the 
half vane section. The vanes are firmly wedged in, and the blocks 
retained in place by the wedging ring 14. 

2. A more secure method of holding the vanes. One block h^ is slotted 
square to the surface and the other block h^ diagonally. The split and 
bent vanes are then inserted in the slots as before. 
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3. A variety of tip shroudings is described, that shown in the figure 
being typical. The principle of these peculiar shroudings has been 



n 





Fig. 172.— Parsons, 7066, 1901. 



Fio. 178.— Fullagar, 7184, 1901. 




Fio. 174.— Fiillagar, 8984, 1901. 

described on page 106, and has been designed to prevent leakage, 
particularly for type 4 turbine. 
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Fulla£:ar, 8934 of 1901, Fig. 174. 

A method of forming the guide or nozzle passages for turbines of 
type 1. The principle of the method is very similar to that of the 
previous patent, and the segmental blocks a (partial admission) are 
fitted into recesses in the diaphragm plates b. 





Fio. 176.— Fullagar, 14594, 1901. 



V////M'/////////M//. 



Fig. 176.-Rateau, 11701, 1901. 



FuUagar, 14594 of 1901, Fig. 175. 

The wheel vanes c are inserted through the perforated shrouding d 

and in the slots e. 

The wheel rims are slotted by the special milling 

cutter to the approximate circular form of the vanes, 

which are then inserted and fullered up. 
Rateau, 11701 of 1901, Fig. 176. 

The vanes are of sheet metal, pressed into shape and 

riveted on the wheel rim. 

Parsons, 12347 of 1901. 

1. Fig. 177. Three special forms of headed vanes are 
described, one of which is here shown. The vanes 
are cut from strip and pressed into shape. 

2. Fig. 178. A development of 16284 of 1889. The 
lips c of the slotted shroudings are sufficiently long to 
overlap one another when pressed over. The corners 
are then machined off level as at a&. The carrier 
shrouding projects beyond its groove and faces the 
tip shrouding of the neighbouring vane. Minimum 
clearances are given longitudinally (parallel - flow 
turbine), and are more or less adjustable by the 
external thrust block. 

3. The perforated tip shrouding d is fitted over the notched 
and riveted or soldered up. 

4. A binding shroud e is secured to the notched vanes by the wire, and 
soldered or brazed up integrally. This method is in present use by 
Messrs Parsons and others. It is applied particularly to the longer 
vanes at the low-pressure end of the turbine. 





Fio. 177.— Par- 
sons, 12347, 
1901. 
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5. Fig. 179. Similar methods of holding vanes are described in 7184 
of 1901, except that the segmental blocks /are of dovetailed form. 
The slots g in the alternative method are made diagonally in both 
blocks. 



rTFflflf 





c 



Fio. 178.— Pai-8oii8, 12847, 1901. 




liJ 



Fig. 179.— Parsons, 12347, 1901. 




Pig. 180.— Fullagar, 14693, 1901. 



FuUagar, 14593 of 1901, Fig. 180. 

A method of making nozzle or guide vanes suitable for impulse 
turbines. The vanes are cut from strip of section a, the back 
side b is then milled off in a special machine, and the ends slotted 
as at c. 



Digitized by 



Google 



TURBINE VANES. 



173 



Zoelly, 18979 of 1899, ^ig- ^0- 

Illustrates the spoke-like construction of vane that is intended to form 
the essential feature of the Zoelly construction. 



Fig. 181.— B. T. H. Co., 15871, 1901. 

Curtis (British Thomson Houston Co.), 15871 of 1901, Fig. 181. 
These vanes are milled from the solid rim, or cast in sections. The 
figure illustrates one of the numerous methods proposed for holding 
the segments to the wheels. Another method adopted in the Curtis 
turbine is shown in Fig. 154. 





Fio. 182.— B. T. H. Co., 16210, 1903. 



Fig. 188.— Fagerstrom, 3548, 1904. 



Curtis (B.T.H. Co.), 16210 of 1903, Fig. 182. 

This patent relates to the cutting away of the middle portions of the 
non- working face, referred to on page 148. Two alternatives are 
shown in the figure. 

Fagerstrom, No. 3543 of 1904, Fig. 183. 

The vanes are pressed to shape and inserted in slots cut in the wheel 
rim, having drilled holes across them. Pins or cotters are then driven 
in the remaining hollows as shown. 
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FuUagar, No. 21932 of 1903, Fig. 184. 

1. The vanes are secured by means of the slotted blocks i, the slots 
bemg closed up after inserting the vanes. The blocks are secured to 
the rotor in the same way as in 7184/01. 



Fio. 184.— Fullagar, 21932, 1903. 

2. Channel or angle bar shrouding is riveted to the vanes in the 
common manner. The channel form gives great rigidity to the as- 
sembled vanes, and in the event of the shrouding fouling the casing 
(or rotor) the vanes are less likely to be stripped. 

Messrs Willans & Robinson are at present building turbines on this 
plan, and the vanes are assembled in semicircular segments before 
insertion in the ring grooves of the drums and casing. 
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CHAPTER XL 
DISC AND VANE FRICTION IN TURBINES. 

Contents :— Disc Friction— Critical Speed— Vane Resistance— 
Coefficients for Steam- Examples. 

DISC FRICTION.— For those classes of turbines in which the rotor 
consists of one or more wheels having a very high peripheral velocity, the 
resistance by friction with the surrounding steam is not always a negligible 
factor ; indeed, it is this alone which imposes a limit to the economical speed 
of simple turbines, beyond which, although the vane or diagram efficiency 
may increase, the increase of disc friction entirely neutralises the benefit. 

For compound turbines of type 1, for instance, the disc friction per disc 
is much smaller; but as there is usually a large number of wheels, it is 
advisable to examine whether any serious loss of power is likely to accrue 
from the adoption of given velocities. 

The frictional resistance of these parts of a turbine may be derived from 
three sources: (a) pure svuHFace friction of the disc, 
which is more or less of a pmnping action; (b) com- 
pression of the steam imder the rim of the wheel, when 
the latter exists ; (e) the resistance given by the vanes, 
commonly called * ventilator friction.' 

Special experiments on the subject are not very 
numerous, but those of Mr Odell with paper discs, of 
Lewicki with a De Laval wheel, and, more recently, of 
Stodola with a series of turbine wheels of different sizes, / 
enable an approximate estimate of these losses, or at any 
rate for those arising from (a) and (c), to be made. 

It is a common supposition that at very low speeds 
fluid friction is proportional to the angular velocity, or ^^- ^®^* 

to the mean surface velocity. This appears from experi- 
ments to be true up to a certain critical limit, at which limit the disc, as it 
were, grips the fluid and behaves as a centrifugal pump. 

The kind of action when the disc is in a free space will be somewhat as 
indicated in Fig. 185. 

If such a pumping action is taking place, then the quantity of steam 
pumped will be roughly proportional to the area of the disc and to the 
velocity with which the steam is thrown off at the outer edge ; that is, 

Q is proportional to rr* 

The work done is proportional to the kinetic energy given to the steam, 
that is, to t;* or wV^. 

175 
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Therefore the work done per second is proportional to Qt;*, 



that is, to 



So that we may put 



or 






H.P. = cioV as a first approximation, 
where c is a coefficient. 

Mr W. Odell * has made a series of experiments with a number of paper 
discs rotating in air. The discs were driven by an electromotor, and the 
current required to drive the discs at various speeds was taken as a measure 
of the resistance. The various dead constants — shaft friction, etc. — were 
obtained by preliminary experiments. 

The highest speeds registered were rather lower than the range covered 
by most turbines, but the various curves of results indicate that no great 
variation of the law in vogue at the higher speeds — that is, above the critical 
limit previously referred to — is to be anticipated at still higher speeds. 

CRITICAL SPEED. — The critical speeds, below which the resistance 
appears to be exactly proportional to the velocity, vary, according to these 
experiments, inversely as the diameter of the discs. 

With a 15-inch diameter disc, the critical speed is about 800 revolutions 
per minute, or a peripheral speed of 52 feet per second. Thus the critical 
limits are well below turbine speeds, and we are only concerned with the law 
of resistance above those limits. 

Taking into consideration the variation of the disc radii, and assuming 
the law of resistance to be 

H.P. = C(«)V 

the experiments appear to indicate values for x and y which are a little in 
excess of 3 and 5 respectively, and for x^ an average value of 3-515 is evolved. 
It is, however, questionable whether the true value is as high as this. 

Stodola has made a series of experiments on turbine wheels under more 
exact conditions, and he deduces the value ;c»2'91, so that, on the whole, it 
appears justifiable to conclude that the expression 

H.P. = ca)V 

is not very far from the truth even at the high speeds. 

OdelFs experiments enable us to determine the value of c for air. 
The following table gives various details of the maximum 
experiments : — 

Table XI. 
OdelVs Experiments with Paper Discs reoolving in free air. 



speed 



Diameter of disc (inches) 
Radius of dlBO (feet) 
Revolutions per min. . 
Angular velocity per 
sec (•) 
Watts. . . . 
Horse-power (H.P.) . 
•V .... 
c .... 

c mean 


16-04 
•6266 
2000 
209-6 

17-66 

•02866 

8-876 xlO» 

8-6x10-7 


21-82 
•909 
860 
89 

8 12 

-01088 

4-868 xlO» 

8-28x10-7 


26-83 
1-118 

625 

66 

5-68 

•00749 

2-906 xlO» 

8-89x10-7 


47-1 
1-96 
740 
77-5 

227 

-3045 

1-846x107 

2-97x10-7 


47-1 
1-96 
600 
62-8 

70-2 

-094 
4-188 xlO« 
2-99x10-7 






8-22x10-7 







See Engineering f Jan. 1, 1904. 
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The above data relate to the power expended in air of the same density 
throughout. 

Innumerable experiments on the resistance to flow of gases have shown 
that it is directly proportional to the density of the gas. 

This law has been confirmed in the case of rotating turbine discs by 
Stodola and Lewicki, the former with air, and the latter with saturated steam. 

The following are Lewicki's results,^ obtained with the 225 mm. De Laval 
wheel : — 



Lbs. pressure of Steam, absolute . 


57 


8-6 


14-2 


e for disc only (not including vanes) 


7-8x10-7 


7-7x10-7 


7-86x10-7 


H.P. -fp 

• 


81-4 


80-2 


82 



H P 
The coincidence of — i-l in the three experiments confirms the law that the 

P 

resistance varies with the density, p being the density. 

We may therefore write 

H.P. = co,Vp (1) 

In the two above tables c has been calculated from this formula, the density 
in the first series being taken at '076. The units are in feet and seconds. 

VANE RESISTANCE. — A section of Stodola's experiments are 
interesting for the relative values derived for vane resistance (or ' ventilating ' 
effect) and disc resistance. 

It seems reasonable to suppose that the vane resistance for symmetrical 
vanes {i.e. where inlet and outlet edges are equally inclined) varies almost 
solely with their length and velocity. No doubt the angle of the vanes has a 
considerable influence, for Stodola found that the power required to drive the 
wheel backwards was on an average 5 times that required for forward motion. 

As, however, most impulse turbines of the parallel-flow type have vanes 
inclined at very much the same angle, any formula that can be derived from 
a series of experiments such as Stodola and Lewicki's may certainly be con- 
sidered of general application. 

Stodola used a series of wheels of about 21^', 21J", 24^", 28^", 37", and 
491* diameter respectively, of which the firat mentioned was plain, without 
vanes. The i-emainder had vanes of various lengths. 

The ooeflScient of the plain wheel determined as above is 3 97 x 10"^, which 
agrees very well with Odell's coefficients. 

Taking a mean with those coefficients, we may put for air — 

Disc resistance in Horse-power = 3-35 x 10-V<uV (1 ) 

Working out the power for disc resistance for Stodola's five cases, we 
have from (1) — 



Diameter of wheel, inches 
Due horse-power 



28i 
•726 



87 

1-044 



21i I 24i 

•178 t -308 

and from the experimental results this leaves for vane resistance as follows : 

I rafM horse-power . i '357 I 1*546 , 1036 | 1*269 | 1-834 




Stodola, Steam Turbine. 
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Now if we put vane horse-power = (\vlpr^, where v is the peripheral or 
mean vane velocity, I is the length of the vanes in inches, and c^ is the 
coefficient to be determined ; c^ is found to have the most uniform value when 
z is about ^. 

Putting 2 = 1 {i.e. H.P. = c^vlp Jr) c^ is as follows : — 



Cl 


•0314 


•0876 


•0476 


•0482 


•0363 



for which the mean value is c^ = '04. 

Thus for turbine wheels rotating in air the following formula may be 
written for the total resistance : 

H.P. = 3•35xlO-V*^5 + •04^;^p^/;^ ... (2) 

It will now be necessary to find the values of the coefficients for steam. 
Lewicki's experiments with the De Laval turbine wheel are of assistance 
here, but it is necessary to make one assumption, viz. that the relative 
resistance of the vanes and the disc alone are the same when rotating in 
steam as in air. Until further experiments are made with steam we must be 
content with this assumption, which probably will not lead us very far astray. 

Lewicki's experiments were not only made with saturated steam, but with 
high degrees of superheat as well. 

The following table gives the various results of these experiments made 
with, the 225 mm. De Laval wheel (page 67) running at 20,000 revolutions 
per minute. Lewicki's original table (Z.F. d. /., 1901) gave the total horse- 
powers of resistance, but in the following table they are split up as above 
indicated, which, for the particular dimensions* and speed of the wheel, 
apportions 53*6 per cent, to disc friction and 4 6 '4 per cent, to vane resistance. 

Table XIL 
LeioickVs Experiments with De Laval Wheel rotating in Air and Steam, 





Temp 
F. 


Atmospheric Pressare. 

• 


'86 lbs. Absolute Pressure 
(about 20 Inches Vacuum) 


ToUl 

Power 

to drive 

Disc and 

Vaiies 

(not 

Bearings, 

etc.) 

H.P. 


Vane 
Be- 
sist- 
ance 
H.P. 

21 


Vane 
Coeffi- 
cient 

C\' 


Disc 
Re- 
sist- 
ance 
H.P. 


Dipc 

Coefficient 

c. 


TotHl 

Power 

to drive 

Disc and 

Vanes 

(not 

Bearings, 

etc.) 

H.P. 


Vane 
Be- 
siat- 
anoe 
H.P. 


Vane 
Coeffl. 
cient 


Disc 
Re- 
sist- 
ance 
H.P. 


Disc 

Coefficient 

e. 


Air . . 


86' 

258-4 
368-2 
472 
672 


4-68 


•065 


2^48 


5-43x10-7 


.. 








Saturated 

Bteam 
Superheated 

steam 


8-26 

2-81 

2-216 

21)2 

1-862 


1-514 

1-806 

1-065 

•M 

-862 


•0988 

•095 

•085 

•0847 

•0861 


1-746 
1-505 
1-15 
1-06 
-99 


8-26 X 10-'' 
7^53xlO-7 
6-66x10-7 
7-05x10-7 
7 17x10-7 


1-48 
•936 

•69 


-687 
•484 

•274 


•127 
-092 

•064 


-798 
•502 

•816 


10-66x10-7 
7-71x10-7 

7-04x10-7 



>'ot necessarily for any others. 
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COEFFICIENTS FOR STEAM.— The disc coefficient with air, 
5 '43 X 10~^ is rather high compared with the previously noted values, but as the 
vane coefficient is naturally equally high, we must either suspect the general 
accuracy of Lewicki's experiments (which depends on a possible error in the 
estimation of the dead friction of the apparatus), or else we must attribute 
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the difference to the shapes of the wheels. The De Laval wheel may, with 
its peculiar shape, be a much more efficient ' centrifugal pump ' than wheels 
of flatter section. It certainly has a greater surface for its diameter, 
amounting, especially when the comparatively large hubs are taken into 
consideration, to from 15 to 20 per cent, extra. So that compared with Stodola's 
coefficient, 3*97 x 10 , the vaiue 5*43 x 10'^ is perhaps a little high, but not 
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very far wrong. We may therefore reasonably accept the general magnitude 
of the coefficients for the steam conditions. 

The coefficients of the above table are plotted in Fig. 186, together with the 
coefficients derived from the other set of experiments referred to on page 177. 

An examination of this diagram shows that the coefficient decreases very 
rapidly at first, but that the benefit derived from superheating ultimately 
disappears, even if it does not tend to become negative. It also show^s that, 
taking into account the slight inaccuracy that would naturally occur in any 
experiments of the sort and in the deduced results, the two curves for the 
atmospheric and the low pressure are practically coincident. 

It would seem, however, that the points A must be suspected, for there are 
the two points B, C both for saturated steam at a low pressure, indicating a 
less steep curve. If, therefore, a mean curve can be drawn for the various 
results, the coefficient obtained therefrom will be suitable for any temperature 
condition, whether as superheat or as saturation. Such a curve is the dotted 
line E F. The variation of density for either the pressure or the superheat 
condition is provided for in p. 

It is highly probable that — apart from the particular density arising 
therefrom — the mere existence of a certain degree of temperature has little to 
do with the resistance. It has been frequently established — and the author 
has himself observed it many times in the case of steam pipes — that water 
can exist in the immediate presence of superheated steam. Accepting this 
phenomenon, then, as a reality, it follows that the friction of a turbine wheel 
will not decrease suddenly with the advent of superheat, but will decrease 
gradually, until all the water is completely detached from the surface, beyond 
which point no further decrease is to be expected. 

What the value of the coefficient becomes as the dryness fraction of 
saturated stoam decreases we do not know as yet, but an extension of a steep 
curve such as A D, based on a proportional decrease of entropy, woidd give 
absurd values for low pressures. 

It will suffice for most calculations to take the coefficients for the dry 
saturated condition, for which case — as well as for a superheat condition — 
the dotted curves E F, G H may be used. E F is for the disc and G H for the 
vanes. 

Accepting these coefficients as indicated above, the EF, GH lines will 
refer to wheels of the thick De Laval form. 

In the absence of further experimental evidence, it seems, however, reason- 
able tha,t for flat wheels having comparatively small hubs (such as the Rateau 
and Curtis wheels, ete.), the coefficients should be reduced in the propor- 
tion 5-43 : 3-35, or, say, to '6 of the E F, G H values. 

EXAMPLES. — The following examples will give an idea of the 
resistance under different conditions: — 

1. Given a flattish wheel disc 4 feet diameter, with vanes 2 inches 
long and of symmetrical form ; steam pressure surrounding wheel 80 lbs. 
absolute ; temperature of steam SSO'^F ; 2500 revolutions per minute ; partial 
admission, so that a great portion of the vanes are free : 

Then, from Fig. 186 c = 7l2xlO-7 
and in this example r = -6 x 7'12 x 10""^ 
= 4-27x10-7 

Also, Cj = "0867, but in this example 

Ci = -0857x-6 = -0515 
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From the data, 


o>=262, a>8= 1-79x107 


Then 


ri = 20834, Jr^=i'U3 
V = 546 feet per second 
p=-1705 (see page 187) 



H.P. = 4-27 X 10-7 pufr^+ 0515 vlp^^ 

= 4-27 X 10-7 X 1705 x 1-79 x 10^ x 32+0515 x 546 x 2 x -1705 x 1-443 
= 41-7 + 13-85 
= 55-55 

2. Take a wheel 2 feet in diameter, with 2 inch vanes and a peripheral 
speed (v) the same as before : 

Then a, = 524, c«>3«l-44 x lO^ 

r=l 

ri = 1-0834, n/J7= 1-041 
And 

H.P. = 4-27 X 10-7 X -1705 x 1-44 x 10» x 1 + -0515 x 546 x 2 x -1705 x 1041 
= 10-47 + 10 
- 20-47 

If the vane velocity be one-half the above, that is, 273, the powers 
absorbed are ^ and ^ of the disc and vane resistances respectively. There- 
fore, for the two cases corresponding to (1) and (2) above, the total H.P. 
absorbed would be 12*13 and 6*31 respectively. 

Thus although, in the majority of cases, the power lost by simply driving 
the wheels around at their proper speed may perhaps be comparatively small, 
it is very easy to design a turbine in which this factor becomes prohibitive. 

For in example (1) above, 55 horse-power seems a large amount, but it is 
one, nevertheless, which would be quite permissible in a unit of 3000 or 4000 
horse-power, provided there were only three or four wheels, as the data tacitly 
imply. 

In oases of full admission the true vane resistance naturally disappears. 
A proportionate reduction will also take place according to the degree of 
admission where this is partial only. 

It is legitimate to consider this to be the case, for although there is pre- 
sumably sdways a certain amount of true vane resistance, this is really 
included in the vane passage losses, v^ = w^, previously discussed. 

In turbines of type 1 the vane resistance may rise to a prohibitive amount 
if due care is not exercised in selecting the various dimensions. 

Further examples involving the estimation of these internal resistances are 
given in Chapter XIV. on * governing.' 
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CHAPTER XII. 
SPECIFIC HEAT OF SUPERHEATED STEAM. 

Contents : — Specific Heat of Superheated Steam— Averafle Value of the Specific Heat- 
Specific Volume of Superheated Steam. 

THE SPECIFIC HEAT OF SUPERHEATED STEAM.— 

Since the establishment by Regnault of the well-known empirical formulse for 
the * total heat of steam,' 

dry saturated steam, H = 1091 7 + 305 {t - 32) 

or - H=1082 + -305< 
and for superheated steam, Hj = H + Cp(T, - t) 

where Cj, is the specific heat of the superheated steam at constant pressure. 
Cp has hitherto been considered to be a constant for all practical purposes. 
Regnault's value, '4805, which was obtained from only four experiments at 
atmospheric pressure, has been adhered to. 

One reason for this may be found in the fact that, for a long period, the 
superheater fell into disuse owing to mechanical troubles, and therefore 
occasions for the use of formulse involving the properties of superheated steam 
were few and far between. 

During the last few years the superheater, with improved construction, 
helped by improved engine construction, has come to the front again, and the 
great advantages in steam economy derived by its use apply in nearly the 
same degree to the steam turbine as to the reciprocating engine. 

Other experimenters have shown from time to time that the Regnault 
value, 4805, did not satisfy all conditions, but as, until quite recently, none 
of them were able to substitute more reliable figures for it^ this value has 
become rather difficult to dislodge from its conventional position. 

Grindley, in 1900, carried out a series of experiments at atmospheric 
pressure, the results of which have been recalculated by Reeve. They 
extended over a range of superheat of about 330* F. above saturation tempera- 
ture. Since then Greissmann has made furthur determinations with a more 
perfect apparatus, extending over a comparatively small range of temperature. 
The regi2lar sequence of the 122 readings he obtained seems to confer upon 
them a fair degree of reliability — at any rate for im average value. 

Many authorities consider it reasonable to suppose that the value of Cp 
is a simple function of the temperature only, and not of the pressure. This, 
however, does not seem to be quite borne out by Lorenz's still more recent 
determinations, which are referred to below. 

Both Grindley and Greissman's figures indicate a simple straight-line law. 

18:^ 
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Fig. 187 gives the results obtained by various experimenters, of which those 
of Mr Emmett are particularly interesting, in being deduced from a series of 
tests made with the Curtis turbine at a pressure of about 155 lbs. Although 
these deductions are admittedly rough, they show that, for such steam con- 
ditions as usually obtain in practice, the value of C„ appears to be nearer 
•7 than -48. 

Professor Lorenz's experiments were made, at the mstance of the Verein 
Deutscher Ingenieure, at various pressures^ thus departing from the lines upon 
which most of his predecessors had worked. 

Lorenz's figures appear at first to be hopeless as an indication of any law, 
and he himself practicaUy gave up the attempt to evolve a simple law from 
them. He remarks, however, that *^ the specific heat increases with the pressure 
and decreases with the temperature as the condition departs from saturation " ; 
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Fig. 187.-— Specific Heat of Superheated Steam. 

also, that *^ for low pressures Regnault's value *48, seems to hold good, while 
for high pressures '6 is approximated to." 

Professor R. H. Smith '^ has, however, made an exceedingly ingenious 
attempt to unravel Lorenz's figures. By a process of deduction and careful 
plotting he arrives at Fig. 188, from which the original constructional lines 
are here omitted. 

To quote his description of the diagram : — " The chart may be looked on as 
a plan, with pressures as horizontal co-ordinates, and temperatures as vertical 
ordinates. If, at right angles to the plane of this chart, were erected at each 
point an ordinate whose height measured to any convenient scale the specific 
heat of steam in the pressure-temperature condition indicated by the point, 
there would be obtained a curved surface which would be a complete diagram 
of steam specific heats. Contours of equal levels on this surface would join up 
all places at which there is equal specific heat. The full line curves on Fig. 188, 
marked in large figures "48, '5, '55, '6, '65, and •?, are such contours." 

* Engineer, July 8, 1904. 
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These curves are based as strictly as possible on the experimental results, 
and it seems reasonable to suppose that although the general trend of the 
law may thus be fairly accurately represented, the errors that creep in all 
experiments would account for the distorted shape of curves '65 and '7, 
particularly in relation to the saturated steam line A B. 
This line is the locus of the saturation temperatures. 
Professor Smith points out that, as the saturated condition is approached, 
the specific heat should merge into the specific heat of boiling water at the 
same temperature and pressure ; and that, as the specific heat rises with the 
temperature, it must be considerably above unity near the critical point. 
Thus the contour should rise to at least unity on the saturated steam line, 
and it therefore appears reasonable to suppose that the contour lines must 

approach this line in shape for 
their flat portions, rather than 
present the concave loops of *65 
and '7 curves. 

Now, taking the very numerous 
results given in Fig. 187, there does 
not appear to be any harmony what- 
ever between them and Professor 
Smith's deductions from Lorenz's 
experiments. 

The only possible alternatives are 
therefore to accept these results with 
reserve, or to take an average (for 
atmospheric pressure) from all the 
results in Fig. 187. 

Thus, an average reading appears 
to show that at atmospheric pres- 
sure, and at a temperature of about 
150" C. (302" F.), the specific heat is 
about '55. 

This certainly agrees with the 
atmospheric point on the '55 contour 
of Fig. 188, and may therefore be 
taken as confirmatory of the point 
Further, Emmett's figures give a 
rough value of '7 for 268" C. and 
not very far from the '7 contour. 




Fio. 188.— Specific Heat of Superheated Steam 
(Lorenz— R. H. Smith). 



10 atmospheres pressure, and this is 
considering its steep slope. 

The author takes the liberty of going a step further and presenting Fig. 
189 as an approximate guide for calculations involved in steam engine and 
turbine construction and tests. 

Fig. 189 does not greatly difler from Fig. 188, but the contours are 
smoothed up generally, so that calculations based on specific heats taken 
therefrom will have a greater current consistency. 

The diagram is admittedly tentative, for the reasons given above ; also, 
bearing in mind that Professor Lorenz's experiments appear to be the most 
reliable we, so far, possess, any error involv^ by its use for pressures such as, 
in practice, would be accompanied with superheat^ will not be very great> and 
will certainly be very much nearer the mark than the universal application 
of liegnault's '48. 
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There is yet another strong reason for supporting Professor Smith's 
general construction, viz. that the efficiencies of turbines and engines based 
on the steam heat calculated therefrom are much more consistent with one 
another than when -48 is used. See Tables XVI., XVII. 

AVERAGE VALUE OF THE SPECIFIC HEAT. — For 
determining the total heat and other functions of steam for a given pressure 



Fio. 189.— Specific Heat of Sui^erheated Steam. 

and superheat, it is necessary to take the average value of the specific heat 
over the range of superheat given. 

Fig. 190 has been constructed from Fig. 189, and gives the approximate 
average value of the specific heat to be taken for a given superheat tempera- 
ture. 

Thus, at 145 lbs. absolute pressure and temperature 400* F., C^ (average) 
= •775, and this value may be used in the expression Cp(T,-Ti) *°<i other 
similar expressions. 
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The velocity, etc. derived from superheated steam with imresisted flow 
may be ascertained approximately from Diagram A in a similar manner to 
the wet and dry determinations. The diagram is obviously not applicable 
for very small drops of pressure (giving velocities of only a few hundred feet), 
but is approximate enough for most ordinary purposes, especiaUy in view 
of the tentative character of the specific heat values. 



Fio. 190.— Average Specific Heat of Superheated Steam (Cp in various formulae). 

On Diagram A are drawn lines for 50, 100, 150, and 200 degrees 
(F.) of superheat respectively. Intermediate degrees can easily be 
interpolated. 

The temperature-entropy Diagram B is nevertheless more generally useful, 
for small drops of pressure, for determining the various functions of the steam 
at the lower pressure. The specific heats adopted in the construction of 
Diagram B have been obtained from Fig. 190. 

The manner of using this diagram is described on pages 30 and 33. 
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THE SPECIFIC VOLUME OF SUPERHEATED STEAM. 

— Schmidt's formula for the specific volume of superheated steam based on 
Him's experiments is as follows : — 

v= -593 iil±tJf in English units 
P 

or V = -00468 ?^i±^ in C.G.S. units 

P 

where k= specific volume in cub. ft. per lb., or, in cub. metres per kg. 
^» temperature in degree Fahr., or, in degrees Centigrade 

p = pressure in lbs. per sq. inch, or, in kgs. per sq. cm. 
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CHAPTER XIII. 
STRENGTH OF ROTATING DISCS. 

Contents :— Strength of Rotating Discs— Isotropy of Material— Poisson's Ratio— General 
Preliminary Equations — Thin Flat Discs— General Solution of Form of Free Surface- 
Stress within Ellipsoids — Solution assuming Uniform Stress — Thin Flat Ellipsoid — Per- 
forated Discs— Stress in a Thin Ring — Perforations in Shroudings — Location of Fracture. 

STRENGTH OF ROTATING DISCS.— Up to the present, 
mathematicians have failed to give us a perfectly satisfactory solution of 
the problem of the rotating disc. 

The De Laval wheels, which have a form accurately developed according 
to one of the theories, certainly run at the high speeds demanded of them 
without failure, but it is not absolutely certain whether this is in spite of 
the theory, or because it happens to be somewhat near to the truth. 

It is especially desirable to obtain a solution that will admit of entirely 
rigid criticism, because, with a rotating disc, we can have an almost 
perfect example of a body undisturbed by the misapplication of various 
external loads. For instance, nearly, if not all, the bolts in an ordinary 
engine or other structure are supposed to undergo certain definite stresses 
in them, but they mrely break by the application solely of those stresses. 
When they do break, it is undoubtedly due to agencies of a different kind 
altogether, of the nature of which we are not as yet in possession of complete 
knowledge. 

Nevertheless, two important general facts may be elicited for the rotating 
disc : — the stress at the centre of a solid disc is — within the limits of practical 
dimensions — ^greater than at the rim ; and the stress at the nave or boss of a 
bored disc is greater than that in a solid disc. 

For any treatment of the problem, some assumptions must necessarily 
be made. 

ISOTROPY OF MATERIAL.— The first assumption is, that the 
material is isotropic To secure an approximation to this imaginary con- 
dition, it is important that the metal shall have a very fine structure. A 
coarse structure, such as is likely to be produced in nine cases out of ten 
by annealing, is not at all isotropic enough to satisfy the surface conditions 
of the stress systems. Since it may be possible that comparatively small 
changes in the contour of the disc may greatly alter the stresses, it follows 
that a system of coarse heterogeneous crystalline grains cut through to give 
the required contour can only be kept in equilibrium by the introduction of 
local surface stresses and strains of unknown magnitude, small perhaps in 
themselves, but which may nevertheless be responsible for starting cracks. 

On the other hand, if efibrts be directed to obtaining a veiy fine 
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structure, so that these local stresses may become as small as possible, it is 
very difficult to eliminate local internal stresses, and these may be greater 
evik than the others. 

It would appear that the best compromise is to re-anneal quickly after 
the disc is finish-turned, taking care to avoid the formation of scale and a 
too vigorous after-polishing, if such should be necessary at all. 

Of course, such conditions as the above apply equally to other engineer- 
ing structures of everyday occurrence, but in the present case we are 
attempting to deal with a peculiarly delicate system of stresses of a special 
distribution, and it is therefore advisable to re-examine the data. 

POISSON'S RATIO.— The next factor which involves a certain 
amount of assumption and faith is Poisson's ratio. 

The determination of this ratio has been the subject of an immense 
amount of controversy, and it is still doubtful whether the values which 
have been given for it are at all correct. 

St Venant proved that it could not exceed '5, and that this is its value 
for indiarubber, and perhaps for jelly. 

2/7 is a commonly accepted value for steel, although some authorities 
favour Wertheim's determination, '2686. 

For the high-tension steels, such as are generally used for high-speed 
discs, this lower value is probably the more correct. '2686 will therefore be 
used in the following calculations. 

GENERAL PRELIMINARY EQUATIONS.-The general 
aspect of the problem will perhaps be better realised by a comparative con- 
sideration, of some of the theories that have been evolved, and the reader will 
then be better able to judge in which to place the greatest faith. 

There are two main conditions to satisfy : internal and surface conditions 
of stress and strain. 

For any solution to be correct both must be satisfied. It is nevertheless 
extremely difficult, if not impossible, to devise a manageable solution for 
arbitrary forms of disc or for given arrangements of stresses — as, for example, 
where the rim stresses are greater than the central stresses. 

On the other hand, it is not so difficult to arrive at a more or less manageable 
formula to satisfy either a portion of the internal conditions or of the surface 
conditions separately, but we are liable to be led into an entirely erroneous idea 
of the value of the real stresses if the probable degree of error is not determin- 
able. It is unfortunate that the degree of error is not always determinable. 
There are in general four kinds of stress induced in a rotating disc : 

F or Tangential stress or Hoop tension ; 
P or Radial stress ; 
Z or Axial stress ; and 
S or Radial shear. 

Let Fig. 191 represent an elementary thread and elementary ring of the 
disc at a radius r. 

Let z be the thickness of the disc at radius r. 
„ u „ radial displacement due to the stress. 
„ -q „ Poisson's ratio (-2686). 

„ £ „ Young's modulus for direct stress, lbs. per square foot. 
„ <D 9, angular velocity. 
„ p „ density in lbs. per cubic foot. 
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Quantities in feet, seconds^ and pounds. 

Then the radial strain irr) = - 

dr 

the hoop strain (.$$) = - 

the axial strain (S) = V 
dz 

the shear (;?) = ^' + ^ 

dz dr 




Fio. 191. 



And for the stresses we have 



P-i7(F + Z) = E' 



or, where there is no axial stress, 



dn 
dr 



P-i,F = E' 



dr 



also F-,(P + Z) = E- 

r 

or, where there is no axial stress, 

F-,,P=E^ 
r 

Z-n(P + F) = E^. 
dz 



2(..,)S.E(g.^^) . 
dAdr) ■•" dA«fe/ ~ drdAdz "^ dr) 



(1) 
(lo) 
(2) 
(2a) 
(3) 
(4) 
(5) 
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STRENGTH OF ROTATING DISCS. 191 

Further, considering the elementary thread of section drdz of a length 
rdOj we have, by resolving along the radius, 

(p + ^^dr^[{r + dr)dedz^ + ^dz^rdOdr + ft^'^^^^^^^^^ « FrdOiirdz + {FdO)drdz 

Simplified, this is 

m.T + rf + ea^^O .... (6) 
dr dz g 

or, neglecting shear, 

«?'-)_p+!!?Af^O (e„j 

rfr g 

Also, resolving axially, we have 

^S + P'^^)[(^ + dr)dOdz\ + ^Z + ^dArdOdi' = Srr/^</2 + ZrdOdi- 
and this simplified is 

T^f-» <'» 

The above equations are body equations and must hold for any section 
of disc whatever, and it therefore remains to apply them to particular cases. 

From a similar point of view consider, as a whole, the elementary ring a h. 

In order to be able to do so we must assume that F is the same at every 
part of the ring, and not unifoim along some curved zone only such as a c 2^. 

Then, corresponding to (6a), and neglecting shear and axial stress, we have 

^p + ^^dr^Ur + dr){z + dz)de\ + ^^""^^^^"^ = VrzdB + {¥de)zdr 

that is, ^-Fz + e^ = .... (8) 

dr g 

This equation (a surface equation) has been given by several writers 
as the fundamental equation for the more or less arbitrary and complicated 
forms of disc — the De Laval type, for instance ; — and equation (6) or (6a) has 
not only been ignored altogether, but the possible presence of not insignificant 
shears have been neglected also. 

The latter may be justifiable in many cases, but certainly not the neglect 
of the former, which must hold true for every thread of the disc. Deductions 
made from (8) alone in the case of discs thickened in the middle are found 
to be at variance with those made from (6). 

Equation (8) is only applicable to a very thin flat disc, and may be 
radically wrong for any other form. 

THIN FLAT DISCS.— It is obvious that for a very thin flat disc z is 
negligible in (8), and with this condition only, (8) becomes identical with (6a). 

We now require to find u and -^ in terms of r in order to obtain particu- 
lar expressions for F and P. 
From (la) and (2a) 
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Putting the values of F and P from (9) and (10) in (6a) we have 



dN, du ^ (l-i?^)<oV ^n 
dr^ dr r gE 



To integrate this, we have 



<t) 



*f + rrffii V ^ = constant = 2K 
dr \r / 2 

This is ^) + ^=2Kr 

dr 2 



or 



8 

ii=Ki+K-^ .... (11) 

r r^ o 

^=-^i + K-?^ .... (12) 
dr r^ 8 



and 

We have now to eliminate the constants. 
When r = 0, tt = 

Therefore from (11) K^ = 

Further, by substituting the values of ?| and ^ from (11) and (12) in (10), 

and by putting P = 0, 

when r = R, the radius of the disc 

we have Y.^<\z3l^^^^ 

Hence, 

and ^ = ^(l-,){(3 + ,)R*-3(l+,)r«} 

Inserting these values in (9) and (10) we have 

p = A,-g\l4-3^)r- (13) 

and P = A,-^'(3 + .,)r« (1^) 

For all ordinary cases of thin flat discs these expressions are sufficiently 
accurate — within 1 per cent. 
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The inaccuracy arises from neglecting the shears and axial stress, and from 
the fact that, even when they are introduced, an exact solution, at and close to 
the rim, cannot be obtained, for we require that (for a free unloaded disc) the 
radial stress shall be zero all along the cylindrical outer surface. The 
expression for u does not, however, give this, the reason being that the stresses 
are not of cylindrical disposition. 

The following section will make this more evident. 



GENERAL SOLUTION OF A FORM OF FREE SURFACE 
TO SATISFY THE FUNDAMENTAL EQUATIONS. 

*The equations (1) (2) (3) (4) (5) (6) must all be satisfied by any exact 
solution for the form of surface. 

Let us now assume some convenient and reasonable form for the stresses. 
Many forms might be assumed which would quickly be shown to give 
impossible conditions. 

For instance, suppose we assume that the stress is a linear function of r, 
such as F = A^ + A^r. We shall find that it is not only impossible to satisfy 
the fundamential equations to even an approximate degree, but that we obtain 
manifestly absurd results — one of which is, that a disc of uniform thickness 
has P and F uniform at all points. 

An inspection of (13) and (14), which are practically accurate for the flat 
form, shows that the main contributor to the stresses is probably some 
function of the square of the radius. 

Assume therefore that — 

Radial stress, P = A^ + Aj^s + A^z^ . . . (15) 

Hoop stress, F = B^ + B^r^ + BgZ^ .... (16) 

Axial stress, Z = Cq + C^r^ + CgZ^ • (17) 

Radial shear, S = 2Lr2 . . (18) 

where A^, B^, C^, L, etc. are constants. 

By a rather lengthy algebraical process, the following relations may be 
established between the constants : 

Ao = Bo (19) 

A^^B^ (20) 

2L=-C2 (21) 

1^ -A In??- A ^^ -^^^ ?? r22^ 

^^"^^3T2^ ''^3T2^ y(l-^)(3 + 2^) • • ^''^ 

p_ . 8 + 4i7 . 3 + 7; pa>2 3 + ^ .2S\ 

^1 " " ^^ d^2rj ' ^' 3T2^ 7" a -"^)(3 + 2^) • ' ^^"^^ 

^'^^'ST2r,^^3T2ri^~J (l-^)(3 + 2^) ' * ^'^^ 

Cq only remains indeterminate from the preceding equations, and up to 
this point body conditions alone have been taken into account, 

A consideration of the conditions that must obtain at the surface of the 
disc will enable Cq to be found. 

* The author is indebted to Professor Fitzgerald for much of the following matter relating 
to ellipsoids. Engineer, May 13, 1904. 

1 o 
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194 THE THKORY OF THE STEAM TURBINE. 

At the surface all the three transverse stresses must vanish, or else they 
must be in mutual equilibrium. This may be shown as follows : 

Let ABC represent an elementary thread at the surface, Fig. 192. 
Let N be the stress normal to the surface, 
„ T „ „ shear along the surface, 
„ <^ „ „ angle N makes with the axis. 
Then 

N = (P sin <t>) sin <^ + (Z cos <^) cos <^ + (S sin <(>) cos Kf> 

+ (S COB <l>) sin ^ = 
T = (S sin ff>) sin <^ - (S cos ^) cos <^ + (P sin ^) cos <^ 

- (Z cos <(>) sin ^ = 
that is, 

N = Psin2</» + Zco8 2<^ + 2S8in<^co8<^ = (25) 

T = S (sin 2^ - cos ^) + (P - Z) sin <^ cos <^ = . (26) 

By eliminating ^ we have 

(PZ-S2) {(P-Z)2 + 4S2}=0 . . . (27) 

Therefore either (PZ - Z^) or {(P - Z)2 + 4S2} must = 0. 

Firstly : 

If PZ -S2 = 0, then from (25) and (26) 

tan<^=-| or .| . . . (28) 
Secondly : 

If (P - Z)2 + 4S2 = 0, then (P - Z) and S must = 0, that is, P « Z. 
But if P = Z, then by (25) P = 0. 

Thus P = Z = S = (29) 

Therefore at the free surface either the stresses must be in equilibrium 
according to (28) or they must vanish. 

But tan ^ = - — 

dr 

Therefore | = f=^ (30) 

F S dr ^ ' 

And from (15), (17), (18) we have 

dr Ap + Ai>2 + A222"*" 2Lrz 

Taking the second expression and putting 

2L = - Cg by (21), we have 
2Q^rdr + 2Q^r^dr + Q^d{7^^) = 
By integration we get 

Co + ^^ + C222 = a .... (31) 

Similarly, the first expression gives 

K + ^^ + ^'^f-'P .... (32) 
where a and j3 are constants. 
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For all possible values of rf, the coefficients of r^ and 2^ are of the same 
sign. The form of a body that satisfies all the required conditions and has 
the assumed form for the stresses is therefore an ellipsoid of revolution. 

By assigning various conditions to the constants, these two equations may 
be made to represent the same figure. 

The relation that exists between the constants in (31) and (32) may be 
found as follows : — 

Equation (31) corresponds to the ordinary equation of the ellipse. 

C2 is therefore proportional to the major axis squared, that is, R* = mCj. 

By (15) we have 

put 2 = 0, then r^^R^^mCg, and P = at R. 
Therefore = A^> + mAiCj 

or A^= -wiAjCg 




Fio. 192. 




Again, in (32) put r = ; then z^ = m-^ and we have 



-A,C,+ 



whence 



Afi^^C^i + 



A1 + C2 2 



1 = 



(33) 



We are now in a position to calculate the stresses in any given ellipsoid. 

A particularly interesting case arises when we make the axial stress and 
radial shear zero. Applying the expressions for A^, A^, etc., the ellipsoid will 
be found to have axes of the ratio 



y^ = l-268:l(Fig.l93) 



when 1;= 2/7, the major axis being the axis of revolution. 
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196 THE THEORY OF THE STEAM TURBINE. 

The stresses in any part of this ellipsoid are given by 

F = Ao-^'{(l+3^)r2 + ^5iI±i),2j . . (35) 

Z = "^ 

S = 

Since P is = anywhere on this surface, A<, is found by putting 2 = 
and r = R. 

Now suppose a thin slice A B out of the middle be taken. Since Z and S 
are both zero, this slice may be considered to be rotating quite independently 
of the remainder of the ellipsoid. 

The expressions (34) and (35) will therefore apply equally to this thin 
slice as to any other part of the ellipsoid. 

Now observe that, neglecting 2, (34) a7ki (35) are identical with (14) and (13) 
respectively^ and have been obtained by a dififerent treatment altogether. 

For a very thin slice the terms in 2 are exceedingly small — only a few 
pounds per square inch compared with tons for the terms in r — and for a thick 
disc they will be found to be quite small enough to be negligible in practice. 

Further, for a very thin disc the curvature of the outside edge due to the 
elliptic form is to all practical purposes infinite, that is, straight. Neverthe- 
less it is curved a little, and since Ps=0 on the surface, it follows that P 
cannot be exactly all along the edge of a square trimmed disc without 
introducing a local disturbance in the arrangement of stresses, and for which 
no solution has yet been obtained. It will now be recognised that the error 
is, however, very small indeed, and, in fact, is not worth troubling about. 

In a consideration such as the above, it will not do to take a slice anywhere 
out of the ellipsoid, as at C D. Since P is not the same at the same radius 
on either side of the slice, it follows that, when rotating, a flat slice becomes 
curved, and vice v&rsa. In the middle the stress distribution is symmetrical. 

For the above reason, arbitrary forms cannot be built up by imagining 
a series of slices taken from different parts of the ellipsoid and welded 
together in a solid mass. 

Although, however, we cannot, strictly speaking, do this, it suggests very 
forcibly that whatever be the form of the disc, the stresses at the centre are 
always greater than at the rim, except perhaps in the outer skin. 

STRESSES WITHIN ELLIPSOIDS.— To revert to the con- 
sideration of stresses within ellipsoids in general. We may next inquire 
what the stresses are for thin disc-like ellipsoids such as Fig. 194. 
The general procedure is as follows : — 
By (31) the equation to the ellipse is 

Co + |M-J.C22« = 

From the given dimensions of the ellipse 

Q 

Thus —2 ig known. 

^1 
By (33), - 2A1C2 - 2C22 + AgCi = 
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In this equation state Cj in terms of Cj. Then from (23) and (24) and 
the above equation find A^ and A^ in the usual way. 

The values of the other constants immediately follow, and from thence 
the stresses. 

An example (see page 199) will best illustrate these calculations. 

SOLUTION ASSUMING UNIFORM STRESS— The follow- 
ing analysis has been given by several writers, but it is open to gjave 
suspicion. Shears and axial stress are neglected, but, worse still, the body 
equation (6) cannot be satisfied. 

However, it is reproduced here to show more particularly to what it leads. 




axis 




Fio. 194. 



Fio. 196. 



We have the surface equation 

dr g 

By integrating this equation and putting F = P = a constant we obtain 



(8) 



or 



2 = 2^6 






. . . . (36) 

where z^ is the thickness at the centre. 

To apply this formula, first determine the rim thickness «,. suitable for 
the vanes and centrifugal load therefrom. Then find Zq from (36) and the 
values of z for various values of r. The general form is as in Fig. 195. See 
example on page 202. 
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Examples : — The foregoing considerations will now be recapitulated by a 
series of examples, in which certain conyenient dimensions are selected in 
order that a direct comparison may be possible between the examples. 

The main function of the disc is to carry the vanes. The rim thickness 
is therefore first to be determined from that local condition, that is, from 
the weight of the vanes per unit length of periphery and the angular velocity. 

In the case of a flat disc the stress at the edge due to this external 
centrifugal load is superposable by simple addition on to the stresses of 
rotation in the disc itself. 

Thus if p be the radial stress at a a (Fig. 196) due to 
the vanes, then the stresses anywhere in the disc are 

and Y-k-p = ¥^ 

This is not quite so true of other forms of disc, 
although for the usual flattish sections it is near enough 
for practical purposes so long as it can be conceded that 
P and F are not far wrong, that is, that they do not vary 
in some entirely contrary manner. 

Flat Disc— Let the thickness of the disc be '0235 feet 
thick (this thickness was originally taken from one of the 
subsequent examples). 



777T7777T777j 



Fig. 196. 



(1) Let the radial traction be 



Let 

In (14) put 
Thus 

and 
Therefore 

Also 
Therefore 



= 1-2 X 10^ lbs. per sq. foot 

(3*72 tons per sq. inch) 
= 1000 per second 
= 500 lbs. per cubic foot 
= -2686 
= 1 foot 

r = R, then P = 0. 



P = Ao-^(3 + ^)r2 

. 500)<10«,o . .OfiQfiX 

= 6-345 X 10« lbs. per sq. ft. 
Pi(oenu«) = (6-345 + 1-2)10« 

= 7-545 X 10« lbs. per sq. ft. 

Fi,rtn.) = 7-545 X 10« - ^^^-^^.'(1-8058) 
= 4-039xl0«lbs. per sq.ft. 

*l(centw) — Pi(caitrB - 

Calculating other values at various radii, the stresses as shown in Fig. 198 
by the lines 1, 2 are obtained. 
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(2) Now take a little thicker disc, *0528 feet thick, having an external 
radial traction of 

V or Pi(rinu= '048 X 10« lbs. per sq. ft. 

The only difference between the stresses here and in the previous example 
is in the superposed traction. 

The stress curves 3, 4, Fig. 198, are therefore parallel to 
1, 2 respectively. 

(3) Thin Flat Ellipsoid. — Take an ellipsoid where the 
major axis of the ellipse is such that the minor axis is 
'0528 feet thick, and the thickness at R=l is *0235 feet, 
these two dimensions corresponding to those of the thick and 
thin flat disc respectively. 

We should expect the stresses in this ellipsoid (or, indeed, 
in any other figure that is nowhere thinner than '0235) 
to lie between those of the two flat discs if we have the 
same external tractions. 

We may suppose, without introducing any great error, that 
the ellipsoid is complete, i.e, that its diameter is somewhat 
greater than 2R, and that the radial stress at the section 
R = 1 is the same as an externally applied radial traction to 
the ellipsoid cut down to that diameter, as in Fig. 197. 

To find the major axis, we have in the general equation to an ellipse 

6 ='0264, 62 = -000697, ic=l, y = '01175 

Hence a«=l'246 

and a =1'116 

We now proceed to find the constants for the stress functions. 
The equation to the ellipse is also 

2Co + Cir2 + 2C222 = 

Therefore ?^« = SSi% = l^. = "90 

Ci (-0264)2 -000697 



or 



We have 






= 895 



8 + 4^ 
3 + 2,;' 



Ci=-Ai;-^-A, 



^3 + 2"^ "^^3 + 2.; 



3+ ly 
3 + 27/" 

J3_. 



3 + ^ 



■y(i-,)(3+2,)- 

p^' Oh- 17X3 + 217) 

g (l-,)(3 + 2i,)- 



c,- 



C,= 



- 2-544A, - •925Aj - 1965 x 10« 
2-87 Ai + •152Ag + 18-72 x 10* 

by BubtTaotion, Cj - Cj 

= 894Ci = 5-414Ai+l-077Aj + 38-37 x 10« 
AlBO 2AiC, + 2Cj«-A,Ci = . 

1790Ai + 1602050Ci - A, = 



(I) 



(11) 

(la) 
(II«) 



(III) 

(IV) 

(IVa) 
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Divide III by IVa, then 

894 ^ 1 5-414A^ + l'077Ag + 38-37 x 10^ 
1B02050 1792"" -I79OA1 + A2 

92IOA1 + I93OA2 + 68760 X 10«= - I79OA1 + Ag 
llAi-l-93A2= -68-76 xlO« 

Divide la by lla, then 

1 - 2-544A, - -925A2 - 19-65 x 10<> 
895 2-87Ai + -152A2+ 18-72 xlO« 
2277-8 Ai + 828 A2= - 17598 xlO« . 
Now solve Aj and Ag from (V) and (VI) 
Thus A2= -7-875 xlO« 

and Ai=-4-87xl0« 

3 



. (V) 



(VI) 




•0?3S' 



0S28' '0526 



2 3^456 

X to' Lbs per st^. foot. 

Fio. 198. 



From (15), A^« - Aia2 = 4-87 x 10«x 1246 

= 6-07xl0«lb8. per sq.ft. 

2v 



by(22)B, = A,J::4j-A23|^- 



por 



^ g (i-^)(3 + 2^) 



By (IVa), 



Bi = -13^1 -•I52A2- 3-23 xlO« 
= - 2-67 x 10« 

B(j = Ao-6-07xlO« 
Eg = A2=- 7-875 xlO« 

Ci = 5440 

C2 = 895Ci = 4-87xl0« 



(VII) 
(Vila) 



(Cg will always be found to be practically the same as - Aj) 



From (17), 



L= -^2« -2-435x108 

Co =-02^2 

= - 3-39 X 10»= - 3393 lbs. per sq. ft. 
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All the constants have now been found, and we may proceed to find the 
stresses. 

P Atr=l: 

P = Aq + k^r^ - small quantity varying with z 
= 607 xlO«- 4-87 xlO« 
= 1-20 xlO« lbs. persq. ft. 

Atr=-5: 

P = 4-85 X 10» lbs. per sq. ft. 

At the centre : 

P = A^ - small quantity varying with z 
= 6-07xl0«. 

F Atr=M16 = a: 

F »= B^, + Bjr^ - small quantity varying with z 
= 6-07 X 10« - 2-67 X 1-246 x 10« 
= 2-74 X 10« 

Atr=l: 

F = 3-4xl0« 

Atr=:-5: 

F = 5-46xl0« 

At centre : 

F = P = 6-07xl0<5 

Z Atr=l: 

= -3393 + 5440 + 4-87 xl0«x -011752 
= 2717 lbs. persq. ft. 
= 18-8 lbs. per sq. inch 

At centre, and middle plane : 

Z = - 3393 
» 3393 lbs. per sq. ft. compression 

S Atr=l: 

S^^ = 4-87xlO«x -01175 
= 397 lbs. per sq. inch 

Thus in thin ellipsoids Z and S are quite negligible, and the terms in z are 
also always very small. 

The values of P and F are set out in Fig. 198 by the lines 5 and 6. 

As before assumed, we may, without materially affecting these stresses, 
turn the disc down to 1 foot iwiius and replace P,,«i, by an equal external 
traction load, and we thus have a case to compare directly with the flat disc 
with the 1*2 X 10* lbs. per sq. ft. radial action. 
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(4) Now take an ellipsoid having an axial thickness of -2595 feet and a 
thickness at r= 1 the same as before (0235) as shown in Fig. 199. 

Then a = 1 *005, and the stresses work out to the values plotted in 
Fig. 200. 

Here P„„i,= 048 xl0«. 

Discs of uniform stress according to formula (36). 

(5) Let the rim thickness be '0235 feet as before, and the axial thickness 
•0528 feet as in the thinner ellipsoid. We have 



2 = 2o< 



■ 2g¥ 



600X108 
64-4 P 



•0235= 0528 6 
}r.^ ^AAK 500xl0« 

F = P = 9-58 X 10« lbs. per sq. ft. 



'0235 





(6) Put 



*259S'i 



Zrtm = '0235 as before and 

2a 



2 3 4 5 

X 10* Lbs per sq. foot. 
Fig. 200. 



K.Q = '2595 as in the thicker ellipsoid. 
Then F = P = 3-23 x 10« lbs. per sq. ft. 
The intermediate thicknesses can now be found. For example 
r = -5: 

•26x600x108 



z= -2595 6 «*x3-23xio8 

= •2595 c-*® 
= 146 feet 

These two discs and their stresses are drawn in Fig. 201. 

Now suppose we attempt to make the stress equal to r2 x 10^, which is 
the rim radial stress in the thin ellipsoid, that is, in the ellipsoid having the 
same axial and rim thicknesses as in example (5). Then 

600x108 

- -0235 e«" 

== 15'37 feet — au absurd thickness. 
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For a rim stress of '048 x 10^, as iii the other examples, the result is still 
more absurd. 

This amounts to saying (according to (36)) that it is impossible for a disc 
of this sliape to have as low a stress as even 1'2 x 10^ — for the given condi- 
tions. Therefore if, by adding the metal of case 6 to that of case 5, we cannot 




3^4 9 

X 10* Lbs. per sq. foot 



Fio. 201. 



reduce the stress to some such distribution as in Fig. 198 (observing that, 
with the exception of a very small part near the rim, the form (6) lies 
wholly outside the small ellipsoid), still less can we entirely reverse the order 
of the stresses to some such line a&kky Fig. 201. 

By the adoption of this concavo-convex form it has been frequently asserted 
that the stress distribution i&a&kk. 




4 5 €a'a 7 9 a 
JCIO^ lt3S. per «9. /bot 



Fio. 202. 

Whatever be the particular form of a concavo-convex disc, it must, after 
all, coincide very nearly, if not exactly, with the form required for some 
particular value of a uniform stress according to formula (36) — at any rate, 
for forms as actually made. 

Further, consider the cases of the two flat discs, the thin ellipsoid and 
the thin concavo-convex disc. 

We have the following result, Fig. 202 :— 
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The radial stress for the thick disc A B C D is ba. By cutting ofif metal 
B K the radial stress in the ellipsoid A E F D is ea\ and by cutting ofif still 
more metal K G, leaving the thin flat disc G E F H, the stress is eg. 

This is reasonable, and so far consistent. 

Now add metal L G to the thin disc. The stress rises to In, instead of 
being, as common-sense would dictate, somewhere between a and e ! 

Formula (36) thus leads to an absurd state of things, which discounts its 
application to the lower stress (3*235 x 10^), which by itself might appear not 
unreasonable. 

The general conclusion therefore is that, as we know the ellipsoid and 
flat disc stresses cannot be very far in error, the treatment of the concayo- 
conyex forms is entirely wrong; and, as stated before, most probably it is 
not possible for the stresses all along the central zones to be either equal or 
less than those at the rim. The metal in the bulging sides of discs that 
pretend to this feature probably plays little or no part in modifying the 
stresses in the central plane. 

From a consideration of the thick ellipsoid having zero shear and axial 
stress, it appears possible that a bulging concavo-convex disc may have low 
surface stresses at and aroimd the axis, but not in the interior of the disc. 

Further, from the comparative examples given it has been seen that the 
stresses in the central planes of any of the ellipsoids do not vary very greatly 
from those of the flat discs ; and it seems reasonable to conclude that, what- 
ever be the form of the disc, the stresses in and about the central plane do 
not difiTer greatly from those of a flat disc running at the same speed. 

PERFORATED DISCS.— There are no methods that possess much 
reliability for the treatment of arbitrary discs with a hole in the middle. 
With the disc a slack fit on the shaft, P must be zero on the surface of the 
bore, and must therefore be zero throughout, or rise to a maximum at some 
interior zone, becoming zero again at the outer rim — or equal to an external 
traction. But in many cases the disc would be forced or shnmk on to the 
shaft, thus adding to the hoop tension, and adding a negative traction to P. 

The case of the perforated thin flat disc may be solved very approxi- 
mately as follows : — 

Let r^ be the radius of the hole. 

We have the conditions that when 

r = ri, P = 
and when r = R, P = 

In (10) put P = and r = R and r^ in simultaneous equations. Then 
by substituting the values of - and -^ from (11) and (12) we find that 

'"SgE ^l ^^' 

and K = ^, (v + m-v\^2 + ^^2) 

whence F = ^{ (3 + ,)(r2 + V + ^,i')-(1 + 3,)^ [ . . . (37) 
and P = ^{(3 + ,)(R» + V-?^'-r«)} .... (38) 



t'max is on the surface of the hole. 
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Suppose the hole is very small- 
r, = 0. 

Hence Fo = ^(3 + ,,)R2 



mere pinhole; then we may put 
(39) 



Fq is therefore twice that for the solid disc. 

We thus see that a small flaw in the centre of a solid disc may seriously 
affect the magnitude of the stresses. 

Example : — Flat perforated disc. 

Let o) = 1000 per second 

p = 500 lbs. per cubic foot 
^=•2686 
R=l foot 
r^ = -2 foot 




♦ "5 6 7 5 3~ 
X 10^ Lbs per sq. ft, 

Fio. 208. 



Then applying formulae (37) and (38) we have 

F. At r « R , F = 10-34 x 10« lbs. per sq. ft. 

Atr = -7,F= 8-84 

Atr=-6,F= 8-55 „ „ 

Atr=-5,F= 8-47 „ „ 

Atr = -3,F= 9-69 „ „ 

Atr = -2,F=13-07 „ 
P. Atr = R,P = 

At r = -7 , P = 2-98 x 10« lbs. per sq. ft. 

Atr=-5,P = 4-00 „ „ 

Atr=-3,P = 3-23 „ „ 

Atr=-2,P=»0 

These stresses are plotted in Fig. 203. 

For arbitrary sections of discs, including thin ellipsoids, with a hole in the 
middle, we must still have the same conditions for P. 

From the comparative examples given of solid discs, it may therefore be 
inferred that for all practical purposes we may refer, for the approximate 
stresses in any perforated flattish disc of arbitrary form, to those obtaining 
within a flat disc itself, working under similar conditions. 

For thick perforated discs of the De Laval shape, the exact solution appears 
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to be indeterminate, but we may be fairly certain that the general trend of 
the maximum stresses is not greatly different from those of the flat and 
ellipsoidal discs. 

Theories for thick sections (both solid and perforated) have been advanced 
that are based on mean stresses. The results from such, however, must be 
considered delusive, and, unless it be borne in mind that the maximum stresses 
may be twice the mean stresses, they may lead to great danger. 

In any case, the salient feature is that the hoop stresses around the hole 
are much greater than in the solid disc. 

For discs running at extreme velocities it is highly desirable, on account 
of the uncertain factors present, to make the disc solid, and to secure the shaft 
to it by a flange, with bolts as far from the centre as possible. 

The bosses of perforated discs should never have stud holes, etc. in them 
if these can possibly be avoided. There is sometimes a temptation to put a 
number of holes in the boss for forcing-off* purposes. Any removal of metal 

that may be required for balancing the 

disc should be made near the rim; and, 

although it is often done, it is not desirable 

to drill holes through the disc at all. If 

the disc is not sufficiently true for the 

adjustment to be made by interbalancing 

Fio. 204. several discs, or by scraping a little off* the 

surface, it is only worth condemning. 

STRESS IN A THIN RING.— The solution of this case proceeds 

immediately from the general body equation (6) : 

dr dz g 

Since the ring is thin, P = 0. With a thick ring S and Z are very small, 
so that with a thin ring S and Z are = 0. 

Therefore F = ?5!!?f or 5!^' (40) 

9 9 

This formula is suitable for overhanging rims and shroudings, and for 
drums such as are used in the Parsons turbine. 

It must not be used (because of its simplicity) for a disc, as it conveys 
no information whatever of the stresses therein. 

PERFORATIONS IN SHROUDINGS give rise to a bending 
moment and shear at the sections A B and C D, Fig. 204, on account of the 
centrifugal eflect of the mass A B C D. 

In general, the shear is small, and only amounts to about 200 to 400 lbs. 
per square inch. 

LOCATION OF FRACTURE.— Having in view the highly prob- 
able condition, that whatever be the form of the disc — ^the form being regular 
— the centre stresses are higher than the peripheral stresses, the question 
arises whether there is any way of ensuring that the wheel shall break near 
the rim instead of at the boss in case of undue racing. For the consequences 
are liable to be very serious when the whole wheel flies to pieces, but not so 
serious if a piece of the rim breaks off. 

This desirable feature has apparently been obtained with the De Laval 
wheel by grooving down the disc just under the rim which carries the vanes. 
See Fig. 75. 



Digitized by 



Google 



8TRBN0TH OF ROTATING DISCS. 207 

In some designs a series of holes have been drilled all the way round. 

It is stated that, by testing to destruction, an ungrooved wheel broke up 
entirely, perforating the cast steel wheel case of 2 inches thickness. 

In the event of the rim stripping no external damage is done, and the 
wheel is soon brought to rest by rubbing against the casing, owing to the 
disturbance in the balance. 

The part played by the metal between the grooves has been shown to be 
almost entirely to carry the traction load from the vanes, and in determining 
its strength this factor is sufficient to consider. 

It is therefore simply a matter of making some local section, at as large 
a radius as possible, of a thickness necessary to take the centrifugal load from 
the vanes with an assigned stress. 

If a factor of safety of 4 be aUowed, the breaking speed of the wheel is 
twice the normal speed, but the yield point will only be at about 1^ times the 
normal speed. 

It is stated that the factor in the De Laval wheels is about 5. 

Discs that are required to rotate at extreme velocities should not be 
made of rolled plate. All rolled plates — steel and iron — ^have a streaky 
structure, and the risk of having dangerous segmental planes of weakness is 
too great to afford a sense of security. It is, on the other hand, most 
important that the ingots from which the discs are to be forged shaU not 
have the least trace of being "piped." For discs running at peripheral 
velocities not exceeding about 500 feet per minute, the use of rolled plate is 
permissible. 
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GOVERNING STEAM TURBINES. 

Contents :— General Considerations— Superheat by Throttling — Curve of Total Steam Con- 
sumption—Governing by Throttling — Simple Impulse Turbine — Examples — Compound 
Turbines — Examples— Governing by Variable Admission ; Simple Impulse Turbine — 
Example — Compound Turbines — Example — ^Variable Admission to all Stages— Govern- 
ing by Periodic Admission — Governing Devices ; Throttling — Parsons Periodic Cut-oif 
Gear— Further Points in Groverning — ^Fly-wheel Effect — Examples — Torsional Oscilla- 
tions of Shafting — Examples— Moment of Inertia of Rotor. 

GENERAL CONSIDERATIONS.— The turbine has not hitherto 
succeeded in yielding the same degree of economy at light loads as the best 
reciprocating engines. 

The economy of the reciprocating engine when governed by simple 
throttling is superior to that of the turbine, and the same appears to hold 
true when either machine is governed by special cut-oflf devices. There have 
been apparent exceptions, and although the turbine is being continually 
improved, the above is a generally correct statement on present information. 

One reason for this lies in the relative effects of initial and, subsequently, 
surface condensation. 

It appears to be established by numerous tests that under normal loads 
the turbine does not benefit quite so much for a given superheat, particularly 
with high degrees, as the reciprocating engine does. See Fig. 232. 

As the turbine improves in its development this statement may become 
reversed, and we may be able to say that the reciprocating engine behaves 
itself worse than the turbine at normal load under similar conditions, and 
only approaches the turbine's economy when the superheat is pressed to a 
very high degree. In general, however, this is not so as yet. 

It therefore follows that if, by throttling, a high degree of superheat is 
obtained, the turbine will benefit less than the reciprocating engine for the 
same amount of throttling. 

There is yet another difference in favour of the reciprocating engine. The 
turbine vanes are less capable of dealing with the alteration in head than the 
engine, because the vane velocity has to remain practically constant. 

In the case of the simple turbine the diagram efficiency itself falls (see 
Fig. 131), and in the case of the compound turbine a number of stages are 
thrown out of use, so that the total efficiency is correspondingly reduced. 

On the other hand, the turbine has an advantage over the engine in that 
the resistances decrease with the pressure to a very much greater extent. 
The turbine is, nevertheless, still inferior when the balance is made up. 

The variation of partial opening or *cutroff' method of controlling the 
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supply to impulse turbines has a material advantage under certain conditions, 
but under others is no better than throttling. 

SUPERHEAT BY THROTTLING—If no heat be lost during 
the process of throttling, and if the total contents of the steam be unaltered 
(for instance, if no water is artificially thrown out during throttling from 
initially wet steam), the initial total heat head H remains unaltered. But the 
available head is in fact very little different from that available from ordinary 
steam at the throttled-down pressure. 

For example, suppose the steam to be throttled down from 160 lbs. dry 
to about 30 lbs., and let the exhaust or back pressure be 2 lbs. absolute. If 
the steam is normally dry, the maximum superheat attainable by throttling 
this amount will be 62* F. 

Then we have — 

Available head from 160 to 2 lbs = 285-2 B.T.U. ; 

„ „ „ 30 to 2 lbs., the total heat of the 30 lbs. steam being 

equal to that of the 160 lbs. steam = 185*4 B.T.U. ; 
and the available head (if the 30 lbs. steam is only just dry) =177 B.T.U. 

The extra heat available by 
the superheat of throttling is 
therefore only 8-4 B.T.U., or 4*7 
per cent. 

Against this we have a nozzle 
or nozzles suitable for expanding 
from 160 to 2 lbs. working with 
only 30 lbs., and the loss of nozzle 
efficiency is undoubtedly greater 
than 4*7 per cent. So that, when 
throttling problems are being 
considered, the beneficial efiect, 
so far as available head goes, of 
any superheating or drying that 
takes place may be ignored. 

The above must not be con- 
fused with a comparison of per- 
formance with and without a 
substantial degree of superheat 
under normal conditions for 
which the nozzles are designed. 

CURVE OF TOTAL 
STEAM CONSUMP- 
TION. — The curve given by 
the corresponding loads and total 
steam consumption as abscissae and ordinates respectively is commonly known 
as the Willans line (made familiar by the late Peter Willans). It has the 
peculiarity of being very nearly a straight line both for turbines and recipro- 
cating engines when governed in any way, and especially by throttling. 

There is sometimes a tendency for the curve to become less steep as it 
approaches the no-load conditions, but, as a rule, the line is practically 
straight. For the present discussion it will be assumed to be quite straight. 

Fig. 205 is a typical diagram in which the line A B represents the total 
consumption of steam from no-load to full-load. 

If the total consumption be divided by the load, the consumption per 

14 




Fig. 205. 
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indicated horse-power, brake horse-power, electrical horse-power, or per kilowatt, 

as the case may be, is obtained as shown by C D. 

The Willans line being straight, it follows that the consumption at any 

load is determinable solely from that at no-load and any other one condition — 

say, fidl'load. 

Generally, therefore, the merit of any method of governing that is of a 

similar character over the whole range of loading depends upon the relative 

values of the full- and no-load consumptions. 

We will now ascertain the approximate no-load consumptions for the 

various types of turbines governed in a few different ways. 

If the various resistances and efficiencies were constant from full-load to 

no-load, the total consumption per brake- horse-power would be given by 

a line BE (Fig. 206), and 
the total consumption per 
indicated horse-power (sup- 
posing it could be measured 
directly) would be AO, the 
difference AB = OE being 
constant over the range. 
This is practically what 
happens with the recipro- 
cating engine and the simple 
impulse turbine governed by 
a variable admission. But 
with the majority of turbines 
the resistances and diagram 
efficiency decrease with the 
load; and as they do not 
necessarily compensate one 
another, the actual consump- 
tion line is as B F. 




Fio. 206. 



To find F in terms of X B we require to know- 
(a) the disc and vane resistance (Z) at full-load ; 
(6) the same at no-load (Z') ; 

(c) the diagram efficiency at full-load (rf) ; 

(d) the same at no-load (17') ; 

(e) the journal and other friction that is practically constant (Zj). 
Also 

(./) the quantity of steam (Q) that can pass unit area with the full head 

of pressure ; 
(g) the same at the conditions for no-load (Q') ; 
(h) the theoretical power (R, horse-power-hours) available per unit 

quantity of steam at the full head. 
(i) the same under the no-load head (R'). 
From these data F can be found, although not by direct calculation, 
interpolation being necessary. 

GOVERNING BY THROTTLING.-General case.— The total 
indicated horse-power that can be obtained with the given full-load condition is 

QrfR X constant (c) 
= W + Z-|-Zi 

where W is the brake horse-power. 
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At no-load Q'rfKe ^Z' + Z^ 

71 is practically constant over a considerable range in the vicinity of no- 
load, and it may therefore be found by assuming an initial pressure at about 
the expected no-load pressure. 

Z] is constant, and is usually about 3 per cent, of the brake horse-power. 

For a given turbine we thus know the ratio 

Z+Z, 



W-hZ-hZi 

and we therefore know the value of the product Q'i;'R'. Q' and R' are, how- 
ever, interdependent ; rf is also dependent on the velocity head. To obtain 
the particular pressure at which their product is that required, select two or 
three pressures in the vicinity of the no-load pressure, and construct a curve 
of pressure and QV^'* ^ro^a which the required spot may be located. Q' 
is thus obtained and the problem solved. 

Simple Impulse Turbine. — In this, as in other cases, 71 is different 
from Z. It would be the same here if the back pressure remained constant. 
Butj unless the condenser be overwhelmingly large, the vacuum improves 
as the quantity of steam passing decreases. Generally the improvement is 
from 1 to 1^ inches between full- and no-load, and Z and 71 will accordingly 
be different. In the following examples we shall assume that the vacuum is 
1 inch better at no-load than at full-load. 

Example, — Take the standard De Laval wheel for 300 H.P., but at a 
speed corresponding to maximum diagram efficiency, when the vane losses are 
20 per cent, {v^^ 'Sv^y 

Let Pj be 160 lbs. absolute, 

Pt ,, 2 „ „ at full-load, 
and p'f, „ 1^ „ „ at and about no-load. 

Then t;. = 3792 and /;i = 3560 at 94 per cent, nozzle efficiency. Hence 
r=1815. 

The mean diameter is 30 inches and the length of vanes 1^ inches. 

Then (by Chapter XL) the disc and vane friction horse-power at full-load 
= 30-8 = Z. 

At no-load Z' = 23-5 

Zi = -03 W = 9 
Therefore W -h Z + Z^ = 300 -H 30*8 + 9 

= 339-8 
and Z'-|-Zi = 23i3-H9 

-32-5 



W-i-Z-hZi 339-8 
QrfR = 7800 X -856 x 11 -26 = 75250 
and -0958x75250=7210 
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At 30 lbs. initial pressure : 

QVR' = 1540 X -807 X 7*45 = 9250 
At 25 lbs. initial pressure : 

QVR' - 1300 X -789 X 7 = 7160 
At 20 lbs. initial pressure : 

QVR' = 1010 X -765 X 6-42 = 4595 

On constructing a curve from these three values it is found that the 
pressure at which 

QVR' = 7210 is about 25^ lbs. 
At25ilbs, Q'«1310 

Thus ? = ||1?-168 

Q 7800 

That is, if XB (Fig. 206) - 1, OF = -168. 

A similar ratio will result if the vane losses are greater than 20 per cent, 
and the best speed somewhat less than '51, the value here taken. The ratio 
will nevertheless tend to decrease with the speed, on account of the reduced 
disc and vane friction. 

At the De Laval speed t7= 1378 

?=125 

Q 

Compound Turbines. — Type 2 is the simplest of the compound 
types. Supposing the buckets to be perfectly *open,* this type fares 
best — ^at any rate, theoretically — under throttling. The diagram efficiency 
passes through maximum and minimum values as the pressure decreases. 
This will be obvious from the analysis given in Chapter VIII. 

The consumption line will likewise tend to be wavy although its general 
inclination is uniform, and at no-load the consumption may be great or small 
accordingly as it happens that the disc and other resistances are of certain 
critical values or not. 

With * closed ' buckets the action is considerably modified, and the nett 
efficiency suffers a regular degradation on account of the increased pumping 
action of the latter wheel vanes as they are successively thrown out of active use. 

As, however, a turbine of more than three stages is of no commercial use, 
an example would convey little information of interest. The two-stage 
variety is included in type 3. 

Type 3. — The only difference between an example of this type and one 
relating to the simple turbine lies in the estimation of the diagram efficiency. 

As the pressure decreases, the latter stages are rendered inactive; and 
although there is necessarily a small drop of pressure through them in order 
for the steam to pass, the back pressure, to all intents and purposes, extends 
inwards to the second or third stage, as the case may be. 

Example. — Take the case of, say, a 500 horse-power unit. 

Let there be four pressure stages, with two velocity stages in each. 

Revolutions 2000 per minute, diameter of wheels 3 feet 6 inches, initial 
and final pressures as before. 

Then, bX fuLl-load we have the following data and results in tabular form : 
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Stage 



Ratio of powers 

Mean peripheral yelocity . 

Actual nozzle velocity ( '94 x 1892) 

Preesures 

Density in cell 

Length of vanes (average) 

Disc constant . 

Vane constant . 

?^ . . . . 

Partial admission 

Disc + vane friction H.P. 



(Z). 



I. 


II. 


1 


1 


378 


378 


1778 


1778 


160 .. . 65 


65 ... 23 


•1623 


0572 


r 


r 


4-85x10-7 


4-66x10-7 


•0875 


•0935 


18-9 




9-2xl0» 




k 


i 


18 


6-6 



III. 



1 

878 

1778 
23 . . . 7i 

•0198 

1" 

5*22x10-7 

•105 



IV. 



1 

378 

1778 

7i . . . 2 

•00578 

3" 

6 X 10-7 

•121 



•62 

1 



27J 



Diagram efficiency . 



•765 



•765 



•765 i 



•765 



Also at 20 lbs. pressure, which is in the vicinity of the no-load pressure, 
we have : — 



Stage 


I. 


II. 


III. 


IV. 


Pressure 

Disc + vane friction H.P. (Z') 


20 . . . 8i 
27 


8i . . . 3 
2 


8. .li 
•4 


14 

1 




6-1 



The drop of pressure in each stage is greater than the critical drop. 
The quantity of steam that can pass is therefore dependent on the neck 
areas and initial pressures. 

At full-load Q = 7800, R = 1 1 26. 

The total efficiency of the four stages may be represented by 

,; = 4x -765 = 3-06 

Therefore, Qi/Rc = 7800 x 3 -06 x 1 1 266 = 269300c 

= W-hZ-hZi 

As before, put Z^ = 03 x W = 15. 

Then, 269300c = 500 -H 27^5 -H 15 = 5425 

At no-load QVRV must equal Z' -h Z^ = 6-1 -H 15 = 2M 

21-1 



542-5 



X 269300c = 10470c 



At 15 lbs. pressure, the total velocity head is 2860, yielding 1892 
(or 1^1 = 1778) for the 1st stage (assuming py = constant), 1900 for the 2nd 
stage, and nothing for the 3rd and 4th stages, since 1900 is practically the 
same as 1892. 
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The total efficiency rj is therefore 2 x '76*5 = 1*53, and this is its best 
possible comparative value. 

It must actually be somewhat less than this, because the steam has to be 
dragged through the 3rd and 4th stages. 

Hence, Q'lyR'c = 780 x 1*53 x 5*65c = 8175c 

This is lower than the required value. 

At 25 lbs. pressure, it is easily found that 

V- about 765 + *765 + -714 = 2*244 
and QVR'c = 1300 x 2*244 x 7c = 20400c 

Constructing a curve from these values, we find that the pressure at which 
QVR'= 10470 is about 17f lbs. 
Atl7f lbs. Q' = 910 

Thus Q: = ^^-.1166 

Q 7800 

Type I. — Since type 1 usually contains a large number of stages, the 

velocities generated are less 
than the critical, and conse- 
quently Q is measured by the 
upper and lower pressures of 
any one stage. It will be, 
as before, sufficiently accurate 
for our purpose to put pv = 
constant) that is, to assume 
that equal proportionate in- 
creases of volume produce 
equal velocities. 

It follows, therefore, that 
whatever be the initial pres- 
sure, the velocities generated 
in each stage will be the same, 
except that the back pressure 
will be reached in a stage 
more remote from the ex- 
haust end of the turbine as the pressure decreases. 

Practically, there is always a slight drop in these dead stages owing to the 
decreasing resistance to the flow, but it is too insignificant to materially afiect 
the problem. 

The total efficiency of the turbine therefore depends on the number of 
stages in effective operation. 

The number of stages in operation for a low pressure p may be found as 
follows : — 

Plot a curve of progression of area through the fixed guides or nozzles, as 
in Fig. 207. 

Let ^4 be the back pressure when an initial pressure p' is being used. 

Then the ratio of specific volumes is ^. 

V 

From the curve of areas find where Ag^!^ A,, and thence count the 

V 

number of stages in use. 




Fia. 207. 
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Or ttie number may be calculated without the assistance of the curve : — 
Let Vj be the specific volume of the full initial pressure. 

Then vjX^=i>|, the specific volume of the full-load steam after it has 

expanded ^ times. Suppose this occurs somewhere in the last (say third) 

group of st£^es in which an energy e^ is disposed of at full load : 

The energy disposed of at full- or no-load in the 1st and 2nd groups is e^ + e^; 

the energy equivalent to the no-load expansion is . . e ; 

leaving an energy to be disposed of in the 3rd group o( , e - (e^ + ^2). 

The effective number of stages in use with the lower pressure p is 

therefore 

where n^ is the number of stages in group 3. If the head is less than will 
cany to the 3rd group, as the case may be, the procedure is similar. 

Kcample. — Take the case of a 500 H.P. unit as before. 

Let there be 3 groups of stages or cylinders. Revolutions 2000 per 
minute. Then at full-load we have the following tabulated data : — 



Table XIV. 



Group 


,. 


II. 


III. 


Ratio of ^wers . . . . 


1 


2i 


5 


Mean peripteral velocity 
Theoretical nozzle ^ . . . 


176 


225 


800 


872 


479 


638 


Actual nozzle v, . . . . 


850 


450 


600 


Number of Bta£^ . . . . 


12 


17 


21 


Equivalent number of stages, all of 








diameter I 


12 


88-2 


105 


Eneigy per stage, ft lbs. 


1 2150 


3570 


6820 


Pressures 


1 160 to 104 


104 to 87 


37 to 2 


Specific volumes .... 


2-84 to 4-21 


4^21 toir2 


11-2 to 178 


Relative diameter of wheels . 


1 


1-286 


1-715 


Actual „ „ . . 


1-673' 


2 15' 


287' 


Length of vanes . . . . 


4' 


r 


average 1^* 


Average pressure in groups 
„ density 
„ disc friction constant 


128 


63 


10 


•29 


-148 


•0262 


4-29x10-^ 


4-38x10-7 


4-98x10-7 


„ vane „ „ 


•086 


-088 


•101 




•4076 


1-435 


6-075 


Vr' ; .' ! ! '. ; 


•915 


1-086 


1-198 


«» 


9-2xl0« 




... 


Average partial admission 


•2 


•'5 


-75 


Disc + vane Metion H.P. (Z) 


24 


27 


80 






81 





In the vicinity of no-load the disc and vane friction will be practically 
constant over a considerable range of pressure. 
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Taking a pressure of 25 lbs., which we know is about the no-load pressure, 
we have 



Disc + vane friction H.P. (Z') 


5 


4 


1 






10 




Also put 


Zi = -03W=15H.P. 






We thus have 


W + Z + Zi = 500 + 81 + 15 






= 596 






and 


Z' + Zi = 10+15 
= 25 






the ratio 


596 







With 20 per cent, vane losses as before, rj = -857 for each stage. 
The total diagram efficiency may therefore be represented by 

(12 + 38-2 + 105)-857 

= 155-2 X -857 = 133 

Thus Qi;Rc= 127 x 133 x ll-26c 

= 190500c 
(Q is not 7800, as in the last two examples.) 
Here Q = Apv^ (Rateau). Put A = 1 = constant 

= -342 (about) x 372 
= 127 lbs. per sq. ft. per hr. 
Then for no-load the product 

QVR'c= •042 x190500c 
= 8000c 
At 20 lbs pressure 

Q'= 04x372 = 14-9 about. 

To find V : ^ " ^ '^ ^ ^ '^^ expansions. 

With the original pressure, 160 lbs., the specific volume after 11*35 
expansions is 

2-84 X 11-35 = 32-2 = Pi 

and this corresponds to a pressure of 12| lbs. 

The energy equivalent to the drop 160 .. . 12J = 147000 ft. lbs. 
„ used in the 1st and 2nd groups = 87500 „ „ 

„ left for the 3rd group = 59500 „ „ 

But the full-load energy for the 3rd group = 135000 „ „ 

Therefore the number of stages in effective use is 21 x = 9 with 

160 . . . 12J drop, or, as now used, 20 ... 1^ drop of pressure. 
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Therefore n (equivalent) = 1 2 + 38-2 + 45 = 95*2 stages 

Then QVR'c = 14*9 x (95-2 x -857) x 6-42c 

= 7810c 
a value a little too small. 

At 25 lbs. pressure, 

QVR'c= 18-22 X (105-2 x -857) x 7c 
= 11500c 




Fig. 208. 

From these two values it is found that a pressure of about 21 lbs. gives 

QVR' = 8000. 

W4.U oi IV c\' 00418 X 372 

With 21 lbs. Q = 



and 



15-55 

Q' = 1^5 = .122 
Q 127 



Q\ 



It does not follow that these various ratios of ~ are invariable. 

Q 

It will be observed that a very great deal depends upon the wheel friction 
A given speed and power may be very favourable to one type 
of turbine and unfavourable to another type in this respect, 
and vice versa. Nevertheless, the relative values of the 
ratios are generally about the same except in extreme 
circumstances. 

Type 4, as usually made, presents a too greatly compli- 
cated progression of areas and velocities for the problem to 
admit of ready arithmetical solution. The general result is 
very much the same as in type 1, and a close approximation 
may be made by assuming a regular progression of areas to 
follow over the stepped progression, as indicated in Fig. 208. 

The calculation may then be made as indicated above, 
and the value of Z' will depend on the number of idle stages. 
Z is zero. 

GOVERNING BY VARIABLE ADMISSION. 
Simple Impulse Turbine. — For this type of turbine, 
governing by varying the number of nozzles in use is the 
most perfect individual system it is possible to employ. 

The initial pressure being maintained at any opening, the 
diagram efficiency remains constant at all loads, and the consumption is 
therefore the minimum possible. 

When the admission is controlled by a slide valve arrangement, as in 
Fig. 209, a slight disturbance in the consumption variation is occasioned by 



Fio. 209. 
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throttling the nozzles as they are successively opened or closed, but the mean 
trend of the consumption remains unaltered. 

Regularity is sometimes aimed at by providing a separate valve for each 
passage or series of passages which is opened or closed suddenly by the 
governing apparatus, but this demands abrupt — although perhaps small — 
changes of load, which in the case of electric lighting often manifest them- 
selves by a flicker in the lights every time a valve opens or closes. 

Example. — Take the same data as in the throttling example. 

At full-load we have Qi;Rc = 300 + 30-8 + 9 

and at no4oad Q'ly'R'c = 235 + 9 

but 71=71 and R = R' 

Therefore 5!=J2^«0958 

Q 339-8 

as against *168 when throttling. 

Z' is strictly a little greater than 23*5, because the partial admission 
decreases with the load. But as the disc friction is overwhelmingly greater 
than the vane friction, as a general rule the correction may be omitted. 

At the De Laval speed, v « 1378 

^'«-0618 

which agrees very well with Fig. 242. 

Compound Turbines, Type 2. — Governing by variable admission 
is also the best method for this type of turbine ; and if it were able to 
compete with other types at full-load it would show an economy at all 
loads superior to that of any other compound type, and of the reciprocating 
engine as well. Unfortunately the former condition is far from being 
realised. 

Tjrpe 3. Variable Admission to ist Stage only.— The distribu- 
tion of pressure, on which the estimation of the diagram efiiciency depends, 
may be investigated approximately in two different ways. 

(a) The expansion of the steam in the 1st stage depends on the relation 
between the general area of the 2nd stage nozzles and the 1st stage nozzles. 

If A be the neck area of the first nozzle and A be closed up to aA, the 
quantity of steam that will pass in the latter condition must be aQ, because 
the drop of pressure is invariably to below •58Po. 

Let the specific volumes in the stages at full-load be 

"P "2* ^v "4 

and Vq the initial specific volume. 

Then the general expansion for the 1st and 2nd stage is ^, which is, 

''0 

nearly, though not quite, the same as ?^ , ^ and -* - 

If only aQ is passing, i^^ changes to ^ =k\ 

from which we find the pressure p\ ; and so on. 
(6) WehaveQ-A^V. 
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Now, with a given back pressure, the maximum yelocity that aQ can 
generate in the last (say 4th) stage is -^-^ , where A^ is the outlet area of the 
last nozzles. This requires the use of a difference of pressure 

consequently /) 3 is known. 

Similarly, the maximum velocity that can be generated in the 3rd stage 

. aQ , 

18 -T--^ ; and so on. 

This leaves for the Ist stage a difference of pressure Pq - p j, where P^ is 
the constant initial pressure. 

Strictly, the shape of the nozzles only allows of an expansion equivalent to 
Pq-|?i, Pi being the full-load 1st stage pressure. 

The ratio of the velocities generated by Pq-Pi ai^d ^o""?') should be 
roughly equal to the nozzle efficiency. 

If we assume this to be so, we then take the 1st stage velocity to be the 
same as at full-load. Or we may assume that the whole velocity head 
P^ - p\ is effectively generated, and find the corresponding diagram efliciency, 
which will be low in consequence of Pq-I^'i being large: there is little to 
choose between either assumption, the result being about the same. 

We have now the required data for finding the no-load consumption. 

Example. — Take the same general data as for the throttling example 
(page 213). 



Then 


W + Z + Zi = 500 + 27-6 + 15 
= 542-5 


and 
Take method (b) : 


= 21-1 


K is constant in the expressions 

Qi?Rc 
and may therefore be omitted. 

At full-load, 


for stage 4 


: f-P.v, 




= •00678x1890 




= 10-92 


for stage 3 : 


Q 




-37-45 


and for stage 2 : 


^-P.h 




-108. 
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The full-load efliciency is represented by 

iy = 4x-765 = 3-06 
and QriRc = 7800 x 3*06 Re 

or Qi7 = 23870 

and represents W + Z + Zj 

Therefore ^V must equal -?^x 23870 

a ^ 542-5 

= 928 at no-load 
At a light load put a= - . 

■^"^ 10*92 

Then, in the 4th stage, the max. velocity « 



10x-00441jp^iji^, 
-248; 
whence p\ » about '0046. 

In the 3rd stage, the max. velocity = — — ^^,^ 

^ ' -^ 10 X -0046 

= 814; 

whence p'g^^bout '00562 

108 
And in the 2nd stage, the max. velocity =» -— — 

10 X '00562 

= 1922 

whence p\ = about 6 J 

and the velocity head left for the 1st stage is about 3350. 

The total diagram efficiency with the same vane losses as before (20%) 
now works out to about 

•482 -H -765+ -74 + 

= 1-987 

Thus 9,;' = I^x 1-987 = 1550 

a' 10 

This is too high a value. 
Put a-^^. 

"""""" 10*92 

Then, in the 4th stage, the max. velocity = - - — ^v^/.- 

20 X '00441 

= 124 

whence p'g = about '0045 

in the 3rd stage, the max. velocity = — r — ^r^r—= 

20 X -0045 

= 416 

108 
and in the 2nd stage, the max. velocity = — — ;^ 

= 1150 
This leaves an available velocity head for stage 1 of about 3470. 
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The diagram efficiency is now about 

•447 + -678 + + 
= M25 

and 



a' 20 



-439 



From these two values we find that 



TliV = 928 



that is, the no-load consumption is r-r-j***, or '0698 the full-load consumption, 

14'4 

as against '1166 when throttling. 

By method (a) the results obtained are practically the same. 

For instance, put 



then, 



10 

= 10x65-7 
= 65-7 



Fig. 210. 



which gives p^ about 5| lbs. instead of 6} lbs., a difference that does not 
materially affect the total efficiency. 

T]rpe 3. Variable Admission to all 
Stages. — If, in addition to the 1st nozzles, the 
2nd, 3rd, 4th, etc. stage nozzles be simultaneously 
and proportionately controlled, the light-load con- 
sumption is rendered worse, and not better as is 
often supposed. 

The disc and vane friction remain practically 
constant at all loads, and are only improved a 
little by virtue of the better vacuum obtained 
when a small quantity of steam is passing. This, 
however, only appreciably affects the resistance in 
the last two stages, which contribute least to the total resistance. 

Taking the same example, we may put 

W + Z + Zi = 500 + 27J+15 = 542i as before 
Z' + Zi = 26 + 15 = 41 
Qi7Rc = 542J and 
Q'i7Rc = 41 
Q^_ 41 
Q 542^' 
instead of '0698 when the 1st stage only is controlled. 

Type z. Variable Admission to ist Stage.— When there are 
many stages, as must be the general rule, a variable admission to the Ist stage 
can give very little better results than throttling. After the 1st stage is 
passed the process is the same as if throttling had taken place thereat. It is 
therefore a question as to how many extra stages over that of complete 
throttling are in use in the low-pressure series. 



and 

At full-load 

at no-load 



Thus. ^^ 



: -0756 



Digitized by 



Google 



222 THE THEORY OF THE STEAM TURBINE. 

This is very approximately the ratio of the value of a l.p. stage to that 
of the first h.p. stage. If the value is 5 : 1, as in the example on page 215, 
we thus put in only | of a l.p. stage by controlling the admission by a 
cut-off arrangement. In eflfect, the benefit is nil. 

This, of course, only applies when the stages are nvunerous, as in the 
example. When there are only half a dozen or so the effect is comparable 
with that of type 3 ; but, on the other hand, imless the turbine is intended 
to work under a specially low head of pressure (as in the Rateau low- 
pressure turbines), disc and vane friction render such machines almost 
useless for full-load economy alone — although they are proposed over and 
over again. 

An improvement is effected by varying the admission to all the stages in 
the first group. This, however, leads to complicated mechanism, which, if 
automatic, will necessitate the use of a powerful relay, and may, with a con- 
stantly varying load, waste more steam than it saves by improving the 
economy of the turbine itself. 

An improvement is also effected by controlling the last group when that 
group contributes the largest proportion of the total power, as in the previous 
example, and throttling the high-pressure end. On the whole, however, 
there is very little to be gained over throttling by any arrangement of the 
sort. 

GOVERNING BY PERIODIC ADMISSION.— This method 
of governing was invented by Parsons, and has been applied to most, if not all, 
types of turbine that bear his name. In its ideal form it consists of alternate 
periods of working under the full head of pressure and with no steam passing 
at all. The no-steam intervals are zero at maximum load, and increase up 
to a certain fraction of the total period at no-load, the periodicity remaining 
constant. 

This ideal action is, however, very greatly modified by practical con- 
siderations. 

There must, of necessity, be an appreciable volume between the shut-off 
valve and the first row of vanes ; and the greater this volume in proportion 
to the area through the vanes, the greater will be the time the pressure takes 
to fall to the exhaust pressiure. For satisfactory governing, the periodicity 
of the blasts must not be too low, and, moreover, the shut-off valve cannot 
operate suddenly. The consequence is that the process is akin to that given 
by a variable cut-off with a simultaneous throttling in the reciprocating 
engine. 

Now, unless the periodicity be very low, the conditions at no-load practi- 
cally differ but little from those obtained by plain throttling. That this is 
so can be shown as follows : — 

Let the steam at full pressure be shut off comparatively suddenly from 
the turbine. We require to know how long the quantity of steam that is 
entrapped in the turbine takes to escape. 

Obviously, the time depends on the quantity entrapped and the general 
area through the turbine, or, specifically, the first row of vanes, because the 
velocity generated in a stage is approximately the same for any head. 

Let Qi be the lbs. of steam flowing per second at full-load, that is, at the 
moment before the valve is shut. 

Let Sj be the quantity of steam entrapped at full pressure, and let S be 
the quantity left in the same space after a time t. 

Let Pi be the initial pressure and p^ the pressure after a time t. 



Digitized by 



Google 



aOVIBMINa STEAM TtTRBIKKS. 



223 



If, for simplicity, we assume pv — c^ 


Then 


Qs^'x constant 


or 


Qi=PixC 


Then in a time dt 
Now 


* V e 


Therefore 


c 


and 


Cpdl=-^dp 
c 


or 


cC p 


Hence 


'*><*(l!)-'.-''-' 


but 


Piv.^c and C = ^ 
Pi 


Therefore 


^1 Pi 



/fi2J 




To take an example of the same size of turbine as before : — 
Q^ will be about 2*22 lbs. per second and S^ about | lb. 
Then, with ;7j»160, the time occupied when the steam pressure has 
dropped to 120 lbs. is 

_4-- log, 1^ « -338 X -287 = -097 seconds 
4x2-22 ® 120 

Also, when it has dropped to 80 lbs., t » *234 

and „ „ „ 40 „ ^=-468 

„ „ „ „ 10 „ ^ = *937 

Setting these values out on a curve of pressure and time we have Fig. 211. 
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Thus the time occupied hi falling to the no-load pressure is in the vicinity 
of f to 1 second. 

Therefore, for the periodic process to be of any value at light loads, the periods 
must be much greater than one second. Such a periodicity is, however, much 
too low in practice for steady running ; and, on account of the difficulty in 
paralleling when alternators are driven, the periodicity of the blasts must be 
at least 100 to 200 per minute. 

It therefore follows that the initial pressure at no-load departs very little 
from uniformity, and is to all intents and purposes throttled in the ordinary 
way. 

Further, it is still found that the Willans line is practically straight with 
this method of governing, and it would appear that its value, as compared with 
ordinary throttling, is small from an economical standpoint. 

There is, nevertheless, a little benefit derived from the fact that with 
type 4 turbine, where the admission is necessarily full throughout, the higher 
the pressure, the less the true vane resistance. As the pressure drops, a number 
of the low-pressure rows of vanes are thrown out of effective action and have 
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Fio. 212. 

to pump, but the high-pressure end never having to do this, does not create 
that particular vane resistance which is an extra item with other types having 
partial admission. 

The result therefore to be expected is, that the total steam line is slightly 
hollow at the higher loads, as at B H F, Fig. 206. Examples certainly exist with 
this tendency, but there appear to be quite as many others without it. 

On the other hand, the Parsons contrivance is particularly valuable in 
ensuring that there is a ready response to changes of load, because the periodic 
motion eliminates static friction and keeps the governor valve from sticking at 
the critical moment. 

Fig. 212 gives examples of indicator cards taken from the steam chest of 
a 500 kilowatt turbine. 

The principal methods of governing that have been devised up to the 
present have now been discussed, and it will be seen that the important point 
to be aimed at in any design of turbine is to keep the internal resistances at 
a minimum. This is even more important than the extra inch of vacuum that 
is so often striven for. It has been pointed out in Chapter XI. and elsewhere 
that it is an extremely easy matter to unwittingly adopt dimensions for a 
turbme that will lead to prohibitive resistances. It is easy to make a 
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diflference of 10 per cent, of the full output in the resistances, whereas the 
benefit per inch of vacuum beyond 27 inches does not exceed 5 or 6 per cent. 

The selection of dimensions and speeds that offer the best compromise are 
purely a matter of trial and error in the calculations for the various details. 




Fio. 218. — De Laval Qoveroor. 

GOVERNING DEVICES; THROTTLING.-There is practi- 
cally no difference between the mechanism of throttling as applied to a turbine 
and to the reciprocating engine. The varieties are, of course, very numerous, 
and the throttle valve may either be controlled directly by a governor or by 



t 
means of a relay. A relay system is generally considered to be the best, 
particularly for large units. 

Fig. 213 illustrates the De Laval governor, in which the fly weights are 
opposed by the spring. 

The throttle valve is shown in Fig. 72. 

Fig. 214 shows a relay arrangement which is used for the Zoelly turbine. 

15 
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The motive fluid for the relay piston r is a liquid (oil or water), supplied 
and returned, by the pipes a and b respectively. The liquid is supplied 
from a reservoir, imder pressure created by a rotary pump driven from the 
turbine through gearing. 

V is the relay valve, and is controlled by the well-known dog-lever arrange- 
ment shown in the figure. Thus, when the governor speed rises, the relay 
valve lifts and allows the relay piston to be forced down and the throttle valve 



Fio. 216. 



Fio. 216a. 




Fio. 216b. 



T closed by a corresponding amount. This action brings the relay valve to 
mid-position again, ready for a further movement of the governor. 

For the Curtis turbine, to which the cut-oflf method is particularly useful, 
many elaborate devices have been patented, including steam and electrically 
operated relays. 

Figs. 215, 215a, and 215b illustrate the general mechanism of an electri- 
cally controlled relay system. This particular system must be distinguished 
from that system where the governing is effected by a variation of the current 
of the generator driven by the turbine. In the present case the electrical 
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contrivance is simply a means of communicating the movement of the 
pendulum governor to the nozzle valves. 

The commutator C is rotated by the governor levers, and the circuits for 
the electro-magnets M are consequently closed or opened by the wipe contacts 



Fio. 216. 

b. When the current is broken, the nozzle valves v are closed. The action is 
as follows : — 

When the circuit of the magnet is energised it raises the secondary or 
relay valve r and cuts oflF the supply of live steam to the cylinder a. At the 
same time the exhaust port e is uncovered, and the steam remaining m the 
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relay cylinder escapes. When the pressure in a has thus fallen, the steam 
forces the valve v open, the area of the piston being greater than the area of 
the valve. 

When the governor demands that the valve shall be closed, the contact at b 
is broken, the valve r drops, and live steam enters a through d and/, establish- 
ing pressure equilibrium on the piston, and allowing the spring to close the 
valve V, f) is a non-magnetic plate to prevent the pole-piece from sticking to 
the armature. 

A; is a knock-out switch, operated by the governor at the extreme allowable 
racing speed. All nozzle valves are thus shut off in emergency. 

Figs. 216, 216a, and 216b illustrate a mechanically controlled system on 
similar lines. 

The cam cylinders c replace the commutator of the above system, and are 
rocked by the governor levers as before. 

The action is as follows : — In the position drawn, the nozzle valve v is 

supposed to be in the act of opening, 

and the cam cylinder has depressed the 

relay valve r. The supply of high- 

I pressure steam to the back of the 

piston p is now cut off, and the relay 

valve has been moved away from its 

top seat, allowing the steam behind 

the piston to escape through the 

pipe a to the exhaust e. The nozzle 

v£dve can now open by the steam 

pressure on the under side of the 

piston. When the valve requires to 

be closed, the projection on the cam 

passes away from the roller, allows the 

relay valve to rise and open at the 

bottom seat, admitting steam behind 

the piston, which, with the assistance 

of the spring, closes the valve. 

Fio. 217. It may bo noted that thin stemmed 

valves, as in Fig. 215, are very liable 

to break, from the repeated percussion of the valve ; also that springs within 

hot steam spaces are objectionable, on account of losing their temper. The 

long spring of Fig. 216 is intended to compensate for this objection, and is 

claimed to answer better than a short spring. 

The most elementary method, and one that naturally suggests itself, of 
effecting variable admission, is by means of a slide valve on the principle of 
Fig. 209. Practically this is an objectionable method, unless the valve be kept 
continually moving, so as to avoid static friction. Even then the force required 
to move it necessitates a very powerful relay. 

Bateau has patented the arrangement shown in Fig. 217, and an elabora- 
tion of the same idea has been applied to a large number of stages — all the 
first group — of an experimental type 1 turbine built by Schulz. In the latter 
instance the arrangement was worked by a hand lever, and not automatically. 
PARSONS PERIODIC CUT-OFF GEAR.— There are many 
varieties of this mechanism, but the general principle of all is shown in 
Fig. 218. 

The cam lever CL is centred about a bearing X, the roller at the end 
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resting in contact with the cam C, which is arranged to give the lever two 
reciprocations per revolution of the oil pump shaft. 




The governor lever G L is centred about a point Y on the cam 
lever, and is provided with a weight W, a dash pot GDP, which is 
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usually filled with paraffin oil, and a spring GS for adjusting the speed of 
the turbine. 

The relay piston valve is operated by the governor lever as shown, and 
receives a reciprocating motion in accordance with the motion of the cam 
roller. 

The neck gland N is allowed to leak at a suitable rate, so that when the 
levers are as shown, steam leaking into the relay cylinder is taken away (this 
steam is used in the shaft glands to prevent air getting into the turbine) 
through the exhaust pipe P, and does not drive the piston. The double-beat 
valve DBV is therefore held shut by the force of the spring above the 
relay piston. 

When the relay valve is down the bottom port is shut, and the leakage 
steam drives the piston up against the force of the spring and opens the 
double-beat valve. This valve is thus opened and nearly, if not quite, shut 
once for every reciprocation of the cam lever. 

The governor G operates the lever G L through the point Z, and determines 
the position of the arc through which G L oscillates. The relay valve there- 
fore allows the bottom port to the relay cylinder to be open a longer or 
shorter period. 

The further the governor balls fly out, the longer the DBV remains 
closed. 

The relay piston spring is adjustable, so as to ensure that the valve will 
shut properly. 

By adjusting the spring G S, the position of the oscillation arc is modified 
and the speed of the turbine set. This is, of course, only done when load is 
put on for the first time, or when occasion for readjustment arises. 

The arc of oscillation necessary to work the relay valve depends upon the 
size and arrangement of the mechanism. In the figure the displacement of 
the levers, etc. is a little exaggerated, for the sake of clearness. 

FURTHER POINTS IN GOVERNING. - The foregoing 
sections deal with the various methods by which the steam supply may be 
adjusted to suit the load. 

The mechanical requirements of the governor itself are identical with 
those for the reciprocating engine, and do not call for special discussion. 
The simple spring loaded fly-ball governor is quite satisfactory, although the 
balls may assume various shapes — to suit special requirements — as in the 
De Laval governor. 

In the generation of electricity the permanent speed variation between 
full and no load should not exceed 4 per cent, for good governing, and the 
momentary variation due to the full load being either thrown out or in 
should not exceed 10 per cent, from the normal. In the case of generators 
coupled in parallel, especially alternators, these amounts are often inad- 
missible, and 2 per cent, and about 5 per cent, respectively are frequently 
demanded. The permanent variation depends upon the governor movement 
and the lever systems, which must be proportioned accordingly. The momen- 
tary variation is more dependent upon the provision of an adequate * flywheel- 
effect ' of the rotor system. 

The governor should not be too sensitive, and, as a rule, far better 
governing is effected for slight fluctuations of load by making the ' flywheel- 
effect ' of the rotor as high as possible. 

Experience proves that the turbine is rather more sensitive to changes 
of load than the reciprocating engine, with the consequent tendency to 
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'see-sawing' or * hunting,' unless the governor is oomparativelj sluggish and 
the flywheel-effect large. 

Considerable difficulty is often experienced in inducing turbo-alternators 
to run in parallel, and with the Parsons periodic cut-off gear, and multi- 
valve arrangements where the throttling between the opening and shutting 
of each valve is not perfectly graduated, the conditions are not the best to 
overcome the difficulty. 

Plain throttling gives a more ideal control. 

There appears to be an idea current that because the speed of the 
turbine is very high, the flywheel-effect is necessarily very large too. 
As a general rule this is wrong, especially so with comparatively low-speed 
turbines, where the increase 
of the moment of inertia does 
not usually compensate for 
the reduction in speed. 

The total flywheel-effect, 
of course, includes that of 
the dynamo or alternator 
rotor. 

The periodic cut-off gear 
introduces a condition very 
similar to that in the recipro- 
cating engine, but it requires 
quite a heavy construction of 
turbine rotor to give a fly- 
wheel-effect to meet the con- 
dition of successful parallel 
running, or in the case of 
isolated units, of undue 
flicker in the current. 

FLYWHEEL- 
EFFECT.— Two different 
conditions require to be met 
for direct-current and for 
alternating - current genera- 
tors respectively. 

For directcurrent 
generation the flywheel-effect has to be sufficient to keep the velocity variaiian 
within prescribed limits ; for alternating current, the effect has to be sufficient 
to keep the displaeenterU of the rotor from its proper position at any moment, 
within certain limits. 

It is important to distinguish between these two cases, because the 
velocity variation is often mistakenly applied to the latter case. 

Periodic cut-off arrangement, or variable pressure with constant 
load. — Let curve A (Fig. 219) represent the pressure oscillations at a given 
load (as in Fig. 212). 

Without any appreciable error this curve may be considered to be 
proportional to the curve of twisting moment at that load. A is therefore the 
acceleration curve of the rotor. The velocity variation of the rotor may 
then be represented by curve B. 

The displacement of the rotor from its mean position will then be 
represented by curve C. 
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For simplicity we may consider the form of the curves to be harmonic, since 
the indicator diagram, such as Fig. 212, approximates this form very closely. 

Let N = revolutions per minute. 

L = number of pulsations per minute. 
Vq = mean velocity of rotor, degrees per second. 
17^ = maximum „ „ „ „ 

i;2 = minimum „ „ „ „ 

D = total displacement of rotor, that is, twice the displacement on each 
side of the mean position, in degrees. 

Then with a two-pole alternator the number of electrical degrees per 
revolution is 360. 

With 2p poles the number of electrical degrees per revolution is 360p. 
We have now the following relations : — 

Average velocity variation, v^ = — (for harmonic curve). 

IT 

60 
Time of one pulsation » r=^ seconds. 

D = — X — - degrees, when the electrical degrees per revolution = 360. 

TT Li 

For 2p poles 

D=— X — x^ electrical degrees. 

IT L 

Hence »= ?^ (1) 

120p ^ ' 

Let ]=hZ3jj^ (2) 

rp. 1 irDL 60 

"^^^^ T=60p^360-N 

= ^^^ (3) 

360Np ^ ' 

(2) must be used for direct^urrent machines, in which case the velocity 
variation is specified (being a function of the variation of voltage allowed). 

A value for - of from -— - to -—- gives satisfactory results in practice. 
fC ZoO t5ou 

(3) must be used for alternators, as - may have a very different value 

rC 

than for direct-current machhies. In the case of alternators the displacement 
must be specified (being a function of the out-of-phase allowable). The greater 
the number of poles, the less must be the actual displacement. 

The maximum displacement on either side of the mean as recommended 
by the Standards Committee, is 3 electrical degrees, that is, D should not 
exceed 6. 

Thus for a 12 pole turbo-altematjor the value of 4 may be less than ~^—.. 

K 1000 

Let E be the surplus, or deficit, energy involved in any (or the maximum) 
half pulsation. 
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For the reciprocating engine this is estimated directly from the twisting 
moment diagram. 

For the turbine we may determine E as follows : — 

We require to know, firstly, what is the rate of fall of pressure, as in 
Fig. 211. This is determined from a knowledge of the contents of the steam 
spaces, etc., as previously shown. Secondly, we require to know the no-load 
pressure and the pressure-variation with the load. Given the no-load and 
maximum-load pressures, it is sufficiently accurate to assume a straight line 
law of variation of pressure with the load. 

For a particular case we thus have Fig. 220 in which A B represents the 
fall of initial pressure upon shutting the governor valve (and conversely the 
rise upon opening the valve), and C D gives the pressure for any load. 
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t-0 



For the time - of half a pulsation the pressure falls from A to 6, say, and 

from C D this corresponds to fall of load from 1 '0 to /. 
Let M„^, be the maximum load twisting moment. 
Then, ■ M^.,63024HP^. 

Let M^ be the twisting moment for the maximum pressure of the pulsation 

(not necessarily the full pressure as in the above instance), and 
let Mj be the twisting moment for the minimum pressure of the pulsation. 
Then the average surplus or deficit twisting moment during the half 
pulsation is 



and 



T,_ N(M,~M,) 
L 
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The kinetic energy of the rotor, or * Flywheel-effect,' is -- — , and it is 

2g 

easily shown that 

'W 2\t7i-V 2 * • ' • w 

The application of the above investigation will be best followed by an 
example. 

Example : — 

Given N = 2000 revs, per min. 

L = 200 pulsations per min. 
2p^4 poles to alternator. 

Max. load initial pressure = 160 lbs. absolute, 
and the no-load initial pressure = 20 lbs. absolute. 

Suppose the average working load to be *8 of the maximum (without using 
bye-pass steam). Then the mean initial pressure for this load is equal to 
about 132 lbs. absolute. 

The time of one pulsation = —-- = -3 seconds ; and from the typical indicator 

diagram, Fig. 212, it is seen that whatever the load may be, about one half this 
time is spent in the pressure falling and the other half in the pressure rising. 

Referring to Fig. 220, an interval of '15 seconds allows the pressure to fall 
from 160 to 102 lbs. with the particular proportion of steam spaces, etc. 
assumed in the previous example. If, however, we allow for the comers of 
the indicator diagram to be rounded off, the pressure oscillation for a mean of 
132 lbs. will be about from 150 to 114 lbs., as shown by def. 

From the line C D 

150 lbs. steady pressure will give a load of about '925 HP,n^, and 114 
lbs. steady pressure will give a load of about '67 HPjn^,. 

Thus E = m^: ^ , 2000 x^-255M^. ^ ,.^^^^ .^^, ^^ 

ttDL 314x6x200 ,^^, 
v=--- = — — — — - — = 15-7 per sec. 
I20p 120x2 ^ 

2000 X 360 , oAAA» 
Vq = — » 1 2000 per sec. 

1 2v_ 31-4 1_ 

k Vq 12000 350 

„ WV2 m 2-55M^, x350 .^,««w , .. 

Hence ^ - =--. = — — -5^^^^- _ = •0166M,n-x foot tons. 
2g 2 2x12x2240 "^• 

Since M = 63024?? 

N 

M = 31-5 HP for a speed of 2000 revs. 
Therefore ^^ = 0166 x 31 -5 

= '523 foot tons per HP^m. 

For a constant load with the given conditions, the foregoing example gives 
the minimum flywheel-effect necessary to ensure steady running in pandlel 
with other units. 
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A variation of load has nevertheless to be provided for, as it is such 
variations, often small, that easily throw alternators out of step. Especiallj 
has this condition to be met in the case of traction and similar rapidly 
fluctuating loads. 

The problem is practically the same whether the turbine be fitted with 
ordinary throttle valve or with the periodic gear. 

Satisfactory running is usually obtained by the adoption of a flywheel- 
effect adequate for half the load being thrown off or on. 

Example, — Take the same data as in the previous example. 

Suppose one-half the load to be thrown off suddenly. 

The drop of initial pressure should simultaneously fall from 160 to about 
90 lbs. 

In the former example we had a constant load with a variable initial 
pressure. Here we have the load changed, but with the pressure practicaUy 
stationary at, and just after, the moment of change, because, in the first 
place, a change of speed is necessaiy to move the governor throttle (or 
equivalent), and in the second place, the governor is necessarily a little 
sluggish in action, if hunting is to be avoided. Thus the pressure does not 
really drop from 160 to 90 lbs. simultaneously with the change of load, but 
lags behind. 

We therefore have, practically speaking, the converse of the previous case 
of variable pressure and constant load, and we can consequently employ the 
same process for determining the proper flywheel-effect. 

The time required for a drop of pressure from 160 to 90 lbs. when the 
valve is shut suddenly is '2 seconds. The equivalent number of pulsations 
(if the process were perpetuated) is therefore 

L== - X 60 = 150 per min. 

9000 
Hence E = ^ x -51^1^. = 6-66M™^ inch lbs. 

314x6x150 .. ^f, 

' 1201^2 ^^'^^ 

1__ 235 _ 1 
k 12000 510 

And ^4* = .0632M_ 

= 1-99 foot-tons per HP^. 

The determination of the approximate amount of flywheel-effect of the 
rotor system is not a matter to be ignored, and there is little doubt that 
in many cases, where refusal to keep in parallel has given a lot of trouble, 
the masses have been stinted. Although a part of the required flywheel- 
effect is of course included in the generator itself, it requires a comparatively 
heavy construction of turbine rotor to provide more than about '75 foot-tons 
per HP in spite of the high speed at which it rotates. 

The proper place for the heavy rotating masses should, nevertheless, in 
the ideal case not be split up into two sections, but should either be all in 
the generator or all in the turbine. In practice, therefore, the mass which 
tends to predominate should if possible be made to predominate still more. 
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There does not appear to be any fixed rule, although it is generally conceded 
that it is more satisfactory for the generator to contribute the greater 
portion of the flywheel-eflfect. 

An elementary rotor consisting of two large masses attached at some 
distance apart on a small shaft is more or less easily set into torsional 
oscillation by suitable disturbing forces. If those disturbing forces are 
periodic, and by chance coincide in frequency with the natural frequency or 
periodicity of the rotor, what is known as a * resonant eflfect ' will take place, 
with a possible fracture of the shaft. 

TORSIONAL OSCILLATIONS OF SHAFTING.— Suppose a 
shaft to be rigidly fixed at one end and to have a heavy mass attached to 
the free end. 

If we now twist the shaft within its elastic limit, and then suddenly 
release it, a torsional oscillation will be imparted to the shaft, the periodicity 
of which depends on the dimensions of the shaft and the moment of inertia 
of the mass. This is the simplest case. 

Now suppose we have a shaft supported on bearings (not necessarily at 
the ends) which has two masses attached to it at some distance apart. Then 
if the shaft between the masses be twisted and released, torsional oscillations 
will be set up, the masses being in opposite phase. 

We are more particularly interested in the latter case. 

The oscillations just described are the natural or free oscillations of the 
system, and they may be induced in a variety of ways. One particular way 
is to superpose an artificial or forced oscillation upon the system by some 
suitable means — ^as, for instance, the variation of twisting moment in the 
reciprocating engine or the periodically governed turbine; also the rapid 
alternations in the load occasioned by the production of an alternating 
current ; in screw propeller shafts the oscillations may be readily induced by 
the periodic action of the propeller blades. 

If the periodicity of the applied force differs from that of the natural 
oscillations, the system will oscillate with the forced periodicity, but no harm 
can usually result except in the vicinity of synchronism. Normally, there- 
fore, the maximum stress is that due to the maximum twisting moment. 

If, on the other hand, the two periodicities synchronise, the amplitude of 
the oscillation will increase until the shaft breaks, or until equal to the 
damping effect of internal friction of the metal. 

The danger still exists, although in a decreasing degree, if the artificial 
periodicity is any aliquot part of the natural periodicity of the rotor. 

The problem is therefore so to arrange the masses and the dimensions of 
the shaft, that under the required conditions of working there shall be no 
sycnhronism between the imparted and the natural oscillations. 

Let I be the moment of inertia of the shaft section about its axis. 
T W 

T W 

„ G be the torsional modulus of elasticity (11,000,000 x 144 lbs. per 

sq. ft.) 
„ r = radius of shaft 
„ 1 = length of shaft between the masses 
„ = angle of twist after any time t in circular measure 
„ /= torsional stress 
„ M = twisting moment 

all quantities in feet, lbs., seconds. 
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Then 
also 



M = — / or -=■ =•!- 
r I r 

G / r I 



t 

Let Mq be the couple required to twist the shaft through unit angle 
(one radian). 

Then Mo = ^ 




Fig. 221.— Torsional OscillationB of Shafting. 



Let Oif ^2 (Fig. 221) be the angular displacements measured from any fixed 
direction A B, and let <f> be the amplitude of the oscillation. 

Then Ii^-M = 0] 

ij-#,)=o; 






By subtraction 



For simplicity put tf^ - tf^ = a 

Then 



•^*K..O 
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To integrate this we have 

dt d^ 



©'— -" 



When a = ^^ = 0, .-. r = K^« 

dt 



(^;y=K(,«-a^) 



Hence T(/^)=2»a/L 

Although the above expression is simple, it is often very difficult to gauge 
properly the data from which to solve any particular problem. The best 
way, as a rule, is to take two extreme conditions that appear possible from 
the given dimensions of the system, and it is also best, when possible, to find 
the moments of inertia I| and 1^ by experiment, the facilities for which should 
be at hand for balancing purposes (see below). 

We may thus determine the probable limits of the periodicities between 
which the actual periodicity will lie. 

A perfectly rigid coupling in the shafting will not materially affect the 
torsional stiffness of the shaft, provided that it only occupies a small portion 
of the total length of the shaft. A flexible coupling without any cushioning 
arrangement also will not affect the problem greatly. If the oscillations of 
the strain pass through a zero value the coupling will probably chatter, in 
which case the clearances in the coupling claw or its equivalent must be a 
minimum consistent with the flexibility demanded by other mechanical 
considerations. 

With cushioning arrangements — either springs or, as is more common, an 
oil film — ^most of the forced oscillations occurring in either half of the rotor 
system are generally successfully damped out and not transmitted to the other 
half. A cushioned flexible coupling is apparently a satisfactory safeguard 
against fracture of the shaft by synchronism, although, in any case, it is very 
desirable to avoid risk of this occurrence. The total length of the shaft 
between the masses would, of course, be taken as before. 

In rigid systems, to which the foregoing analysis more particularly applies, 
it does not necessarily follow that if the calculations indicate a risk of syn- 
chronism that the shaft should be made stiffer. If the size of the shaft 
requires to be modified for this purpose it should be made smaller or larger, 
according to whether the departure from the critical condition is greater 
or less. 



Digitized by 



Google 



OOVERNING STEAM TURBINES. 239 

Provided that the shaft is amply strong for its ordinary functions, the risk 
of synchronism can often be quite as easily and safely avoided by reducing its 
size as by increasing it. 

The oscillations of a shaft are undoubtedly resisted to a great degree by 
internal friction of the metal, which tends to damp them down and prevent 
their amplitude increasing indefinitely, if not dangerously, in the event of 
synchronism. Unfortunately, we are not yet in possession of adequate 
information of the laws and experimental data of this phenomenon, an 
extensive field still existing for both mathematical and experimental research. 
In the absence of this special information it is advisable to arrange matters 
so that a liberal danger zone for synchronism, as determined above, is avoided. 
It may be observed that the existence of internal friction lowers the period- 
icity without friction ; also, that the natural desire to increase the size of a 
shaft in order to be out of danger rather than to decrease it, although it may 
be quite feasible, certainly will increase the total of the internal friction and 
the damping effect on the forced oscillations still remaining. 

Example : — 

Given I^ = 700 foot lbs. 
Ij = 600 „ „ 
r=-3feet 
^afrom 7' 0' to 5' 0", the effective length being uncertain. 

Then I = | r*=01271, 

(a) put Z = 7 

., T^ GI 11 xl0»x 144 X -01271 „ qtk inn 

then Mo«-Tr- = - = = 2-875 x 10* 

I 7 



^ ' VMo\Ii + V V 2-875 > 



700x600 

X 



ixlO« 3100 
= -0766 seconds 
If « = the number of natural periods (f^^) per second 

n=_J_ = 13-05 
•0766 

Critical forced periods may also be 

1306 1305 1305 
2 ' 3 * 4 
= 6-52 , 4-35 , 3-26 
(h) put 1=^5 

then T(/^) = -0563 seconds, and 

n(/^) = 17-75 , 8-87 , 5-91 

Thus if the turbine drives an alternator having 50 alternations per second 
there is little chance of synchronism occurring. 

Suppose, on the other hand, the turbine is fitted with the Parsons periodic 
governor having 3 periods per second. There is again little risk of synchronism 
occurring on this account^ .the nearest (3*26) being 8f per cent, removed. 

The above example may therefore be considered i^e.^ 

' For treatment of propeller shafting, see Engineering, vol. 75, for Hermann Frahm*8 
investigations. 
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MOMENT OF INERTIA OF ROTOR.— The moment of inertia 
of a turbine or dynamo rotor may be easily determined from experiment by 
using the principle of the compound pendulum. 

Support the ends of the shaft on suitable rails so that it lies horizontally, 
Fig. 222. Then attach to the rotor a known weight at a given distance from 
the centre of the shaft, the bracket being as light as possible, so that its 
weight is negligible. 

Oscillate the combination through a small arc and note the time of 
oscillation. 



If 



Wj = weight of rotor + shaft 
Wj = weight of added mass 

k^ = radius of gyration of rotor + shaft 

k2 = „ „ added mass 

^» „ „ combination 

/i = distance from centre to C.G. of combination 

T = time of a complete oscillation, 




Fio. 222. 



Then 

and 
also 






W k^ 
Thus k^ is found, and thence — i-^, the required moment of inertia. 

Variations of the experiment to suit other conditions will readily occur to 
the reader. 
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CHAPTER XV. 
STEAM CONSUMPTION OF TURBINES. 

G0NTSKT8 : — The Effect of Vacuum— The Vacuum Augmentor — Effect of Superheating — 
The Measurements of Superheat— General Steam Consumptions— Thermo-dynamic 
Efficiency — Economics of Condensing. 

THE EFFECT OF VACUUM.— The benefit in steam economy 
derived by pressing the vacuum to the utmost limits is generally recognised 
as increasing approximately in accordance with the theoretical increase 
obtainable in such circumstances. This may or may not occur with the 
reciprocating engine. It is often maintained — by, it is to be feared, in- 
terested parties — that the reciprocating engine does not benefit by being 
given a higher vacuum than about 26 inches, because it is unable to expand to 
an extent that can be affected by any reduction of vacuum beyond this point. 

As a matter of fact, however, if the valves of, say, a triple expansion 
engine be arranged so that the low-pressure cylinder does not have an 
excessive range of temperature to deal with — that is, does not yield an undue 
share of the power — the benefit derived by increasing the vacuum is roughly 
proportional to the theoretical increase, although the proportion is lower than 
in the case of the turbine. 

The real fact of the matter is, that under service conditions the turbine is 
at present generally unable to compete with the reciprocating engine at 25 or 
26 (and less) inches of vacuum (with a 30-inch barometer). 

The greater benefit which is derived by the turbine by an increase of 
vacuum beyond, say, 26 inches is due to three reasons: — 

(a) The lower temperature involved is not carried, as it were, into the 
hotter parts of the turbine except bj conduction, as is the case with the 
engine cylinder, which is exposed alternately to the extremes of temperature. 

(6) The turbine derives a benefit from the complete expansion to the back 
pressure, whereas the engine cannot expand so far, for reasons that are well 
known ; in other words, the turbine utilises the triangular extension of the 
indicator diagram, but the engine does not. 

(e) The exhaust-pipe pressure close to the engine is never available in the 
cylinder except with very slow-speed engines, where port areas, etc. are more 
easily made large enough to deal with the steam at velocities that do not 
demand an appreciable loss of pressure-head. The difference between the 
vacuum in the l.p. cylinder and in the exhaust branch of the modem high- 
speed engine varies according to a regular law, the difference increasing 
with the vacuum. Thus, if the difference is about 1^ inches at 26 inches 
vacuum in the pipe, the difference at 27 inches will be about 2 inches, and 

241 16 
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the effective change of vacuum is therefore only about ^ inch instead of an 
inch. The turbine is not subject to this condition of things unless the exhaust 
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FiQ. 228.— Rate of Benefit per inch of Vacuum (SO* bar.). 

pipe be unduly small, a circumstance, as a rule, much more easily avoided 
than with the engine. 
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Fio. 224.— Total Effect of Vacuum (80" bar.). 

In the sequel, when reference is made to the vacuum or back pressure of 
the reciprocating engine, it is to be understood that the vacuum in the exhaust 
branch is meant — the same as for the turbine. 



Digitized by 



Google 




OF 

CALIFOg^ 



STBAM CONSUMPTION OP TURBINES. 



243 



The theoretical benefit per inch (say) of vacuum obviously depends upon 
the initial pressure, but the difference is very little for a considerable 
variation of initial pressure, e.g* 10 or 15 lbs. on either side of 150 lbs. 
pressure. 

Figs. 223 and 224 have been prepared from actual tests of the turbine and 
of the reciprocating engine. 

The curve AB gives the theoretical rate of benefit per inch when 160 lbs. 
absolute is the initial pressure. 

The curve £ D gives the theoretical total benefit to be obtained, starting 
with a non-condensing (atmospheric back pressure) condition. 

As the load decreases by throttling, or by similar methods of governing, 
the benefit of the decrease of back pressure should increase in proportion, 
because the theoretical consumption per horso-power increases as the initial 
pressure decreases. Fig. 225 
gives an example. 

It must not^ however, be 
generally concluded that the 
highest vacuum possible is neces- 
sarily the most economical in the 
long run. 

The condensing apparatus is 
notoriously most troublesome to 
keep in efficient order, and for 
the continued maintenance of a 
28 or 28^ inch vacuum some 
system of duplication is advis- 
able, if not alwolutely necessary. 

The nett value and cost of an 
extremely high vacuum depends 
on many factors: — the tempera- 
ture of cooling water, and the 
quantity required ; the cost and 
source of the cooling water; the 
type of boiler; the feed water 
apparatus ; the cost of coal ; the 
size, cost, and depreciation of the plant ; the nature of the load, etc. 

There is therefore no fixed rule, and each case must stand on its own 
merits. The general problem of most economical vacuum is dealt with on 
page 269. 

According to statistics compiled by Mr Bibbins, there appears to be an 
average tendency for a 27^ inch vacuum to prevail. 

The importance of minute air-leaks into the condenser and piping cannot 
be over-estimated. 

Fortunately, the turbine has only two glands — sometimes only one — to be 
kept vacuum-tight. 

In the Parsons turbine, it has already been observed that air leakage is 
largely prevented by feeding a little steam into the glands, which takes the 
place of air that would otherwise leak in. This steam is condensed either in 
the gland or with the exhaust steam, so that little harm results. 

The air that is present — most of it comes over with the steam — is most 
effectively pumped from the condenser by a dry air pump, a separate pump 
being used for the condensed water. 




27 

vacuum. 



Fio. 225.— EfTfct of Vacuum at different loads, 
Westinghouse-Paraons Turbine ( Bibbins). 
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An ingenious arrangement, called the vacuum aug^etltor, has been 
invented by Parsons, and is shown in Fig. 226. 

The air pump is placed about 3 feet below the condenser, which is pre- 
ferably tilted to an angle as shown. A is a small steam ejector arranged to 
suck nearly all the air and residual vapour from the main condenser and 
discharge it to the auxiliary condenser C. C may be quite small — about -^j^ 
of the surface of the main condenser — as it only has to deal with a small 
quantity of steam. From the auxiliary condenser the air and water passes to 
the air pump. The main condensed water pipe D is bent so as to form a 
water seal to prevent the air returning to the condenser. The difference in 
level of the pump and condenser allows of a difference of about 1^ to 2 inches 
between the vacuum at the air pump and in the condenser, to the great 
advantage of the pump. The rapid elimination of air from a condenser is 




Fio. 226. — Parsons Vacuum Augmentor. 

very beneficial, as it increases the efficiency of the cooling surfaces. Air being 
a bad conductor of heat, materially retards the condensation of steam with 
which it is mixed. 

With the above device the attainment of a 28-inch vacuum has been 
greatly facilitated, without the great increase in cooling surface and size of 
air pumps demanded by the ordinary arrangement. The quantity of live 
steam required to work the ejector is very materially less than that required 
to drive a larger air pump, however indirectly it may be applied to that 
purpose. 

At a given temperature there is a minimum quantity of water that will 
condense a given quantity of steam. Accordingly, the amount of cooling 
water is a dominant factor to be considered in land installations. 

Fig. 227 shows the average and possible minimum quantities of water 
required at two different temperatures. Thus with water at 85" it will be 
practically impossible to obtain a 28-inch vacuum. 

With special devices, such as the vacuum augmentor, the quantity 
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Fig. 227.— Vacuum and Cooling Water. 
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required may approach the minimum, but under ordinary circumstances the 
average lines given in the figure will be nearer the mark. 

Fig. 228, prepared by Mr Bibbins, gives the approximate relative cost of 
condensing apparatus for various degrees of vacuum.* If the figure errs at 
all, it is on the low side. 
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Per cent, of Cost of Apparatus for 26" Vacuum. 
Fio. 228.— Relative Cost of High Vacuum Condensing Plant (Bibbins). 

Figs. 229 and 230 give examples of the power expended in driving the 
various auxiliaries. 

Hitherto 'vacuum' has been almost exclusively referred to in tnc/t^s 




lOQO 



1500 Load Kwr. 2000 



2500 



Fig. 229.— Power Consumption of Auxiliaries. 2000 Kwt. Turbine. 
La-purchase exposition (Bibbins). 

hdow atmospheric pressure^ and a 30-inch barometer has been the basis of 
comparison. 

The reason for this is that a habit of thought has been established by the 
standard use of vacuum gauges reading from an assumed atmospheric pressure 
of 30 inches. This habit produces much confusion in interpreting results of 

♦ Paper on " Steam Turbine Power Plants," by J. R. Bibbins. 
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trials, as in so many cases the height of the barometer, which naturally is not 
always 30 inches, is not recorded. 

Vacuum gauges constantly in use cannot be relied on to half an inch either 




100 



200 



300 400 500 

Load E.H.Pt 



600 



700 



Fig. 



230. — Balation of Power Consumptiou of Auxiliaries to Station Output. 
Johnstown Pa. (Bibbins). 



way, and half an inch in the vicinity of 28 inches (30" bar.) makes a lot of 
difference when comparisons are in question. 

When a vacuum of 24 or 25 inches, which is still common at sea, is spoken 
of, it is quite immaterial to half an inch what 
the barometer is, or whether the gauge is 
precisely correct. It is true that corrections 
and calibrations can be made, but this is a 
poor way out of the diflBculty. In turbine 
practice especially, where a vacuum is de- 
manded that approaches so closely to a 
perfect vacuum, it is highly desirable that 
the back pressure be spoken of as an absolute 
pressure. 

Now, there is no difficulty whatever in 
measuring the absolute pressure in the ex- 
haust pipe or condenser. The very simple 
barometer, as illustrated in Fig. 231, is all 
that is required, and by it the absolute 
pressure is measured in inches of mercury 
by the difference of level, quite independently 
of the pressure of the atmosphere. 

The readings of this barometer are also 
independent of the altitude (except in as far 
as this may cause the force of gravitation to 
vary — a practically negligible quantity). 
The absolute pressure barometer is therefore 
strongly recommended in all cases. It saves much trouble, and only costs a 
few shillings. 

Care, however, must be taken not violently to disturb the column of 




Fio. 231.— Absolute Pressure 
Barometer. 
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mercury by opening and shutting cocks suddenly, as in this case the column 
is liable to break and to allow a bubble of air or water vapour to get into the 
vacuiun side, when it becomes necessary to boil it clean again. 

It is not necessary, as a rule, for the column to be the full 30 inches long, 
8 or 10 inches being quite long enough for ordinary purposes. For use, par- 
ticularly at high altitudes, under non-condensing conditions, a longer barometer 
is necessary. It is perhaps unnecessary to remark that a non-condensing 
condition at a high altitude differs vastly from a non-condensing condition at 
sea-level. 

The increased use of this apparatus in steam trials of both turbines and 
reciprocating engines is much to be desired, as with it would come the proper 
habit of thinking of a back pressure as such without reference to differential 
readings from a variable base, the atmospheric pressure. 

The effect of a variation of vacuum when superheated steam is used is a 
little greater than with ordinary dry or saturated steam. Although the 
steam is delivered to the condenser with less moisture in it, the total 
quantity to be condensed is still less for the same load than when there 
is no superheat. 

Further information on the effect of vacuum will be given under the 
heading " Thermo-dynamic efficiency," page 265. 

THE EFFECT OF SUPERHEATING.-The value of super- 
heated steam in increasing the economy of the turbine is the same as in the 
case of the reciprocating engine. There appears, nevertheless, as has been 
previously stated, to be a tendency for the rate of benefit to fall off more 
rapidly than is the case with the engine. 

The evidence on which this statement is based is somewhat scanty, and 
applies principally to the Parsons turbine. It does not, therefore, necessarily 
follow that with other types that exist or may be arranged the effect will be 
precisely the same. 

The beneficial action of superheat has been generally supposed to be 
mainly due to mechanical rather than thermal considerations. 

Entrained moisture in the steam has been proved to give rise to consider- 
able friction, and therefore the longer the steam takes to arrive at the dry 
saturated condition during its expansion the better. 

If we recognise that the specific heat of superheated steam is much greater 
than the formerly adopted value, '48, it will be found that, unless the normal 
consumption be very high, the benefit arising from superheating approximates 
very closely to that obtainable theoretically. 

A glance at Fig. 232 will make this apparent. 

The two theoretical curves have been based on the specific heat data of 
Chapter XII. A little variation from the specific heats thus obtained will 
not alter the inclination of the curves very much, but if '48 be taken, a com- 
paratively flat curve (see dotted line) is obtained. 

It is much to be regretted that there is not a greater consistency between 
the various turbine results plotted in the figure. The fact of the vacuum not 
being the same throughout has, of course, something to do with it; but 
accepting the general results en masse^ the tendency appears to be for them 
to follow the theoretical inclination. 

(In Fig. 232 the actual steam consumptions are recorded without any 
corrections (by the author) for the various vacua. In the companion figs., 
233 and 234, the steam consumptions are corrected to 1 and to 2 lbs. back- 
pressure respectively, in accordance with Fig. 223). 
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An important deduction that may be drawn from this circumstance is, that 
we may expect a better consumption from a turbine working with high super- 
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Fio. 232.— Effect of Superheat. Consamptions as published. 

heat when the general areas are designed to suit a flow of steam in this initial 
condition, than when arranged for initially dry steam and subsequently put 
to work with superheated steam. 

Many elaborate arrangements have been devised for superheating and 
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reheating the steam at various intermediate parts of the turbine. In general 
they are, however, too complicated for efficient and regular service, and the 
benefit in economy derived from their use is chiefly apparent when new. 
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Fio. 288. — Effect of Superheat 28 inches Yacaum. Steam Consumption corrected 
according to Curve C, Fig. 228. 

Unless superheaters and reheaters are of the simplest possible character, they 
are apt to become a nuisance. 

As in the case of a high vacuum, it does not necessarily follow that, 
because the steam consumption may continue to improve with as much 
superheat as can be given, to adopt a very high superheat is the most 
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economioal arrangement. The coal consumption and upkeep of the apparatus 
are the determining factors. 

Generally, the most economical arrangement is for the superheaters to be 
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Fig. 284. — Effect of Superheat Consumptions corrected to 26 inches Vacuum (30' bar.) 
according to Curve 0, Fig. 228. 

self-contained with the boiler, and not to be separately fired. The ability to 
do this depends principally upon the size of the plant and the kind of coal 
available. For small installations there is little question that separately fired 
superheaters do not pay, except under very skilful management of labour and 
plant. 
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Messrs Babcock k Wiloox state that the evaporative efficiencies of their 
boilers are approximately as follows : — 



Boiler with integral superheater . 

Boiler together with separately fired superheater 

Boiler without superheater 



75% 
50 to 60% 

9°/ 



ni 



This gives a maximum efficiency for the separately fired superheater of 
about 25% only (assuming that the boilers make dry saturated steam, and 
superheaters only do superheating. Generally the superheaters will have to 
do a little drying as well). 

Integral superheaters limit the superheat to about 300* F. as a maximum, 
the average being about 100** to 150^, which, according to statistics, appears to 
be the most prevalent range of superheating. The separately fired super- 
heater is capable of giving 500 or more degrees (F.) of superheat. 

The efficiencies given above are, prima fcu^e^ against the adoption of the 
separately fired superheater. Nevertheless, as a much higher superheat is at 
command, and as slack and refuse coal can apparently be more readily used 
for the superheater than for the boilers, the coal costs for separating firing 
may be made to approach those when the integral superheater is used, and 
under exceptionally favourable circumstances may be lower. 

The following example will give a rough idea of how the coal costs may be 
varied. 

For a 3000 Kwt. unit, maintained at or about full load for fairly long 
periods, the following table may be drawn up : — 



Tablb XV. 





Saturated 


Superheated Steam. 
















Steam, 

without 

Superheater. 




200° F. 
Integral 




200° F. 


400' F. 






Superneaters. 


Superheaters. 


Superheaters. 


Approx. steam consumption per 
hour (lbs. per kwt.) 














18 




15-82 




15-82 


12-86 


Total steam per hour (lbs. ) 


54,000 




47,460 




47,460 


38,550 


Theoretical evaporative value of 














coal, lbs. of water per lb. of 
coal from and at 212° . 














14} 




14J 




14i 


14i 


Efficiency of boilers per cent. . 
Efficiency of superheaters per 


73 








78 


73 




- 


75 








cent. . . . ... 


... 








25-4 


25-4 


Lbs. of water evaporated per lb. 














of coal 


9-28 


8-45 




9-28 


9-28 


Lbs. of steam superheated per 












lb. of coal .... 


... 




' 


25 


13-8 


Coal per hour, boilers 


5925 


■ 


5620 


", 


5120 


4150 


superheater 




1900 


2900 


Cost of coal, boilers . . (2240 


£3555 


, 


£8872 


- 


£8072 


£2490 


„ ,, superheaters . hrs.) 


... 


£712 


£1088 


Total 


£8555 




£8872 




£3784 


£4878 
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The hot well temperature has been taken at 100* F. and the boiler pressure 
at 160 lbs. absolute. The specific heats of the superheated steam are taken 
from Fig. 190. 

The price of the boiler coal (peas) has been taken at 128., and for the 
superheaters 7s. 6d. per ton. These are, of course, more or less arbitrary 
prices. 

If ' smudge ' at, say, 5s. per ton be used in the superheaters at the same 
efficiency, the total coal costs become £3555, £3372, £3547, £3215 respec- 
tively, and it might pay to use the very high superheat. Otherwise, unless 
there is some such relative difference in the price of the coals as above, the 
integral superheater, with a moderate superheat of from 150* to 200* F., must 
offer the best economy. 

THE MEASUREMENT OF SUPERHEAT.— The thermo- 
metric problem involved in measuring the temperature of steam is by no 
means insignificant. 

By placing the thermometer in various positions and in different ways 
one may obtain almost any reading but the correct one, and it is often very 
difficult to know when the readings are really reliable. The fault is not with 
the thermometer (for we are not concerned with fractions of a degree, and 
therefore do not require laboratory accuracy), but with the method of 
application. 

The most satisfactory calibration of the system is to observe whether the 
saturation temperature is registered when steam that is just wet is passing. 

For this purpose the superheaters must be shut off altogether, and not 
manipulated until it is merely assumed that saturated steam is passing. 

The thermometer must be placed at such a distance from the boilers that 
conduction of heat from the furnaces does not affect the readings ; also it 
must not be placed where the colder parts of the turbine can cause the 
readings to be low. 

The bulb of a glass thermometer cannot very well be placed in direct 
contact with the steam, unless made specially and calibrated for external 
pressure. Moreover, the corrosive action of hot high-pressure steam on the 
thin glass bulb soon spoils an expensive instrument. 

A thin metallic case, into which the thermometer can be readily inserted, 
is therefore necessary. 

The case is usually filled with cylinder oil, and the bulb and a considerable 
length of the stem should be immersed in the oil. It is of no use to simply 
place the thermometer in the case — or cup, as it is generally called — without 
any conducting medium between the cup and the thermometer. 

The cup must not only just protrude into the steam space, but should bo 
well immersed in the steam. Neither must the cup be placed in a quiet 
out-of-the-way comer or ctd-de-sixc^ but must be in mid-stream. A low reading 
of 60 or more degrees is easily obtained by neglecting this point. 

Another most vital point to be observed is that the thermometer cup 
must be insulated from the vessel in which it is placed. Without doing this, 
the thermometer may by chance give a correct reading while being calibrated 
at some saturation temperature, but more often than not there will be an 
error of 20', 40', or more. Further, if correct at one temperature, it by no 
means follows that radiation and conduction from the thermometer fittings 
are constant at all temperatures. 

The exposed parts of the thermometer cup fittings should be lagged. It 
is an easy matter to let 10 or more degrees raidiate away by neglecting this. 
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Thermometer Fittings. 

Fio. 236.— A Right Way. Fio. 236.— The Wrong Way. 

Fig. 236 represents a very common method of applying a thermometer to a steam 
pipe or vessel. It may easily give an error of 50 degrees or more low reading. 
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Figs. 235 and 236 illustrate a right and a wrong way of fitting a 
thermometer to a steam pipe or chamber. 

There are two other kinds of thermometer that are applicable to the every- 
day measurement of superheat — the mercury thermometer, in which the bulb 
is of metal and the expansive force of the mercury is caused to operate a 
pointer, and the electric resistance thermometer. Both these instruments 
have been greatly improved during the last few years, and they can now be 
relied upon, if not abused. 

They are, as a rule, much more convenient than the glass-mercury ther- 
mometer, as the dial or recorder can be placed a long way from the source of 
heat. 

The Steinle steel-mercury thermometer, for instance, can operate its dial 
pointer accurately at distances up to 50 yards, and the electric resistance 
thermometer, with the Whipple or Callender recording apparatus (made by 
the Cambridge Scientific Instrument Co.), can register accurately a mile away 
from the source of heat. The remarks as to fitting the ordinary thermometers 
to the steam pipes, etc. apply with equal force to these more elaborate instru- 
ments. It is quite an easy matter to make them register anything but the 
correct temperature of the steam. 

Having arranged the thermometer fittings to give reliable readings, it 
appears very desirable that, wherever possible, steam consumption trials 
should be made with superheated steam and not with dry saturated steam or 
with *dry steam.' 

A very great difference is made with a few fractions of wetness, so that it 
is reasonable to take dry steam tests with some dryer (not ' separator ') in use, 
but to prevent the abuse of this convention a thermometer fitting standardised 
on the above lines is a desideratum. As no such standard is in general use, 
the majority of ' dry steam ' results published are to be suspected. 

It is therefore much better to have a thorough superheat condition, 
instead of attempting to be exactly on the borderland between the two 
conditions, one of which the thermometer is incapable of measuring at all. 

Four or five degrees are not enough to allow for oscillations of apparently 
steady load, vacuum, pressure, and superheat. The saturation temperature 
should not be approached within 15 degrees F. at least, if the trial is to be of 
any comparative value. 25 degrees F. is a suitable starting-point for a 
series of trials. 

The dry steam consumption can be estimated far more accurately from 
two or three careful superheat trials by simply prolonging the consumption 
curve set out on a superheat basis (as Fig. 232) than it can be by direct 
measurement. 
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GENERAL STEAM CONSUMPTIONS.— In Fig8. 237 to 243 
are plotted various steam consumptions of turbines that have been published 




Fig. 287. — Steam Gonsamptions. Parsons Turbines with 27-inch Vacuum. 0" superheat 

from time to time. Tables XVI., XVII. give the full load consumptions of 
turbines and reciprocating engines of various sizes. The figures have been 
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abstracted from a variety of sources which it is unnecessary to tabulate. It 




Fio. 238. — Steam Consumptions. Parsons Turbines withS28-inch Yacuumland 0*" superheat. 



would be out of place here to criticise them severally, and they must be left 
to speak for themselves. Much inconsistency appears to prevail between units 
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of even similar size, but it must be borne in mind that it is exceedingly diffi- 
cult to run any two series of trials on different machines and in different 




Fig. 289. — Steam Consiunptions. Parsons Turbines with 28-incli Yaouum 
and 70^ to 90"* superheat. 

places under precisely the same conditions. So that— excluding the personal 
element — when various allowances and corrections have been made for a 



Digitized by 



Google 



262 



THE THEORY OF THE STEAM TURBINE. 




Fio. 240.— Steam Ck^nsnmptions. Coztis Tnrbin^ed by GoOQIc 
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different vacuum or back pressure, superheat, initial pressure, inconvenient 
speed, the way the water is measured, efficiency of generator, and a few other 




Fio. 241.— Steam Gonsumptioiis. Bateau and Zoelly Turbines. 



minor items, it is probable that the results would show a closer harmony. A 
similar chaotic condition obtains for reciprocating engine trials. Matters are, 
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Fig. 242. — Steam Consumptions. Do Laval Turbines. 
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nevertheless, showing signs of improvement — mostly as the result of com- 
mercial competition. 

In the present diagrams (except Figs. 233 and 234) no corrections of any 
kind have been made by the author. In some cases, where a nominal over- 
load has been performed without the use of any bye-pass arrangements, this 
has been plotted as the full or maximum load, the lighter loads being pro- 
portioned accordingly — otherwise it would tend to give a false indication of 
the relative no-load consumption when that is obtained by extrapolation. 

A perusal of tabulated results of trials and of individual curves of con- 
sumption does not convey very much information as to the relative 
performances of the machines on account of the number of variables present, 
the most important being initial pressure, back pressure, and quality of steam. 




20 2S 30 

Brake Hors9 Power 

Fio. 248. — Steam Consuiuption of 50 H.P. De Laval Turbine. 
(Morley, Engineering^ Dec. 29, 1905). 

The total steam lines have been added by the author in order to indicate the approximate 
relation of the consumptions at no-load and full-load as in the other diagrams. 

Much more information is conveyed by comparing the thermo-dynamic 
efficiencies, for by this means arbitrary 'corrections' are not required. 

THERMO-DYNAMIC EFFICIENCY.— This term is used for 
the ratio 

Work done per lb. of steam 

Work available per lb. from complete adiabatic expansion 
__ Theoretical consumption per I. H.P. (or equivalent) 
actual consumption per I. H.P. 

The theoretical consumption is obtained from the pressure and temperature 
conditions, and may be found by the thermo-dynamic formula (11), (12), etc., 
or by Diagram A. 

The turbine, however, is at a disadvantage, in that the equivalent I.H.P. 
can only be very indirectly estimated from a knowledge of the general 
internal resistances. 
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Since in all the examples selected the turbine drives an electric generator, 
the term ' Electro-thermo-dynamic efficiency' will be used to designate 

Theoretical consumption per I.H.P. 
Actual consumption per E.H.P. 

(electrical horse-power) 

This efficiency therefore includes the generator losses. 
It will be convenient to adopt an abbreviated nomenclature for these 
efficiencies, and it is suggested that 

the thermo-dynamic efficiency be called the T efficiency ; 
and the electro-thermo-dynamic efficiency be called the ET efficiency. 
The T and ET efficiencies of the various examples are given in Tables XVI. 
and XVII., and plotted in Figs. 244 and 245. 

The T efficiencies of the turbines themselves have been obtained by 

assuming the mechanical efficiency ( t ttp ) ^^^ *^® generator efficiency 

/ E.H,P. \ 
VB.H.P./ 

/E H P \ 
The assumed combined efficiency f-Y^—A^j given in the table is on the 

liberal side, but probably not far wrong. 

For comparative purposes in the generation of electricity it is best to 
refer to the ET efficiency, since the over-all efficiency at dynamo terminals 
is the feature of chief commercial importance. 

From the table and Fig. 244 it will be seen that an ET efficiency of more 
than 58 per cent, is a rarity at present even for large units. It is only in 
moderately large units, from about 1500 kilowatts upwards, that the efficiency 
approximates that of the reciprocating engine ; and from the few definite 
results we have of very large sizes, the efficiency appears to fall again after 
reaching a maximum. The data available are, however, too scanty to draw 
a definite conclusion as to the latter point. 

There are one or two isolated cases in which the efficiency appears to be 
conspicuovisly high, but in the face of at least an equal number of all types 
that are just as conspicuously low, we should be guided rather by the average, 
thus discounting very abnormal cases when determining the relative positions 
of the turbine and reciprocating engine. 

Now these efficiencies (Fig. 244) are for the most part attained in the 
turbine by the use of an absolute back pressure of ^ to 1 lb. lower than 
that used by the reciprocating engine. We therefore require to know 
with what back pressure the turbine gives the same average efficiency 
as the reciprocating engine, but without having to make more or less 
arbitrary 'corrections.' 

Fig. 245 has been plotted with this object in view. 

The thermo-dynamic efficiency of the non-condensing engine is known to 
be about 15 to 20 per cent, higher than of the condensing engine, and this is 
attributed mainly to the relatively more complete expansion effected in the 
former case. 

The turbine does not present this marked difference in efficiency, as might 
be expected, although there is naturally a falling off in the few special cases 
where serial readings have been taken, on account of the progression of areas 
being unsuitable for a variety of pressure differences. A further falling off 



Digitized by 



Google 



STBAM CONSUMPTION OF TURBINES. 



267 



is to be expected with turbines having the Parsons periodic governor, since 
with the same initial pressure the duration of the ' pufis ' becomes less as the 

Electro-thenno- dynamic efficiency. 




back pressure decreases, thus allowing temperature oscillations and consequent 
initial condensation to increase. 
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Fio. 245.— Efficiency of Turbines and Engines. 
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Fig. 245 exhibits the variation of ET efficiency of the turbine and 
of the reciprocating engine for the range 1 to 15 lbs. absolute back 
pressure. 

The method adopted is that of constructing an average curve from as 
many published results as can be obtained, and thus avoiding any discussion 
as to why some are exceptional in either direction. 

It will be seen that the reciprocating engine zone lies entirely above the 
turbine zone in the non-condensing vicinity, and the average curves only just 
intersect at about 1^ to 1 lb. pressure (27 to 28 inches vacuum). 

Since, then, the efficiency of the turbine remains practi(»dly the same 
(refer also to Rateau's low-pressure turbine. No. 89) whatever be the 
pressure range, and that with full expansion the reciprocating engine is 
superior to the extent of 15 to 20 per cent., it follows that the turbine is 
at present an inferior heat engine. 

Furthermore, we may conclude that were it not for the fact that the 
efficiency of the reciprocating engine degenerates with a decrease in the back 
pressure owing to a practical (but not essential) disability, the turbine would 
have had a far greater struggle to find a place in engineering — ^which, like 
many other things, is somewhat subject to the dictates of fashion. The struggle 
has been modified by the concession of an extra expensive condensing equip- 
ment and by an appeal to the market with a comparatively low initial outlay 
for the turbo-plant. The former requires favourable conditions for it to pay 
for itself ; the nett financial result of the latter depends on that of the former 
and many other items, such as repairs, maintenance of plant, economy, etc. 

THE ECONOMICS OF CONDENSING— One of the most 
important factors in the financial problem about to be outlined is the ' load 
factor.' 

The Load Factor of a power plant, or any unit of it, is the ratio of the 
average. output to the maximum. 
. Thus if in an electrical installation 

M = maximum kilowatt output, and 
K = total output in n hours, 

the load factor for that period is -— -. 

Mn 

This is commonly expressed as a percentage. 

Thus the load factor = KxlOO 

Mn 

The period usually taken is a year, and the load factor 

_ total units generated x 100 
max. load x 365 x 24 

The load factor must not be confused with a partial load condition of 
working at any moment, such as f load, which is known as the ' workings 
load.' Where, as in a lighting station, the daily cycle is a regular rise and 
fall of load, it may be possible to arrange a set of generating units so that 
each unit may, for the time it is running, work nearly fully loaded and at 
highest economy. 

On the other hand, where there are large fluctuations in the load. 
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such as may occur in electric winding or traction stations, this cannot 
be arranged, and the average working load is considerably less than the 
full load. 

It will be seen, therefore, that the selection of main and auxiliary 
plant is guided by three considerations: the average working load of 
individual units, the load factor of the same, and the load factor of the 
whole plant. 

It is impossible to say what will be the best back pressure for a certain 
case without a very close investigation of all the variables which affect the 
financial aspect. The complication of the problem is shown by the following 
list of the main points which are relevant to a consideration of the most 
economical back pressure. 

Briefly stated, the main feature of the problem is that the most economical 
back pressure is that at which the rate of decrease of the coal cost is equal to 
the rate of increase of the capital and other charges on the condensing plant, 
or incurred by the installation of that plant. 

The coal cost for the unit depends upon : — 
(1^ the steam consumption ; 
^2^ the steam consumption (or equivalent) of the condenser auxiliaries ; 

(3) the load factor ; 

(4) the price of the coal. 

The capital and other charges vary with — 

(5) the interest on capital cost of condensing plant ; 

(6) the interest on cost of buildings and masonry, occasioned by the use 

of the condensing plant ; 

(7) depreciation and repairs of the same ; 

(8) rates and taxes for the same ; 

(9) cost of cooling water ; 

(10) saving effected by reduction of boiler power. 

As a rule, the latter item does not enter the problem at all, as the 
boilers have to be sufficient for an overload, non-condensing and other 
emergencies. 

In special cases, special points may arise beyond those given above, and 
may even surpass them in importance. It will be clear, therefore, that any 
argument which attempts to deal with all contingencies will be too involved 
and cimibersome to be of value. Accordingly, the method of determining the 
most economical vacuum or back pressure will be better indicated by an 
example, such as may reasonably occur in practice. This example is not 
intended to institute any particular back pressure as suitable for average 
application, but to serve as a guide to the solution of particular cases. Every 
case must, of course, stand on its own merits, and will therefore have its own 
solution. 

Example: — Take a 1400 kilowatt turbine. Let the price of coal be 98. 
per ton and the load factor 13 per cent, (a value common in practice, 
although the average is not quite so high as this). First obtain prices 
for equally efficient condensing plants to give two or three different 
back pressures; or given a price for (say) a 2 lb. back-pressure plant; 
the approximate prices for plants to give 1^, 1 lb., etc., may be obtained 
from Bibbins's curve, Fig. 228. Suppose all the capital and maintenance 
charges for the condensing plant (items (5) to (9)) amount to 10 per 
cent, on the capital cost, a very favourable estimate. We then have 
as follows: 
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Back 
Pressure 
lbs. aba. 


Inches 

Vacuum 

(80" bar). 


Condensing Plant 
Capital Cost 


Rate of Increase 
per i lb. (or 1"). 


Ditto at 10%. 






£ 


£ 


£ 


^ 


25 


1025 


... 


... 


2 


26 


1250 


225 


22-5 


U 


27 


1525 


275 


27-5 


U 


27i 


1710 






1 


28 


1970 


445 


44-5 


i 


28i 


2500 


790 


79-0 



Let the expected steam consumption of the turbine at working load be 
21*2 lbs. per kwt. at 1 lb. back pressure. The consumption at other back 
pressures are found from the mean curve C, Fig. 223, and are given in column 
A of the following table. 

The steam consumption of the condenser auxiliaries will be about 1^ times 
greater per H.P. than for the turbine. Let the estimated steam consumptions 
of these auxiliaries be as given in column B in the following table ; then the 
effective consumption per kwt. will be as shown in column C. 



Back 
Pressure 
lbs.abs. 

2i 


Vacuum 

Ins. 
(80" bar). 


A. 

Steam Consumption 


B. 
Steam Consumption 


C. 

Effectiye Steam 


of Turbine, 
lbs. per kwt 


of Auxiliaries, 
%ofA. 


Consumption of 
Turbine. 


25 


23-6 


8 


24-8 


2 


26 


22*9 


8-4 


28*68 


li 


27 


22-1 


5-25 


28-21 


u 


274 


21-64 


6-9 


23-14 


1 


28 


21-2 


9 


28-1 


i 


284 


20-8 


12 


2278 



The yearly coal cost = 

Kwt. capacity of unit x load factor for the unit x effective consumption 
per kwt. X price of coal (shillings) x constant -=- overall evaporative power 
of boilers. 

8760 hours 



The constant » 



-=•1955. 



2240 X 20 

The overall evaporative power of the boilers will be about 7 lbs. of water 
per lb. coal. 

The yearly coal cost then works out to 



Backpressure 


Vacuum ins. 


lbs. abs. 


(80^ bar). 


24 


25 


. 2 


26 


14 


27 


U 


274 


1 


28 


i 


284 



Coal Cost. 



1400 X -13 X 24*8 x9x 

28-68 
23-21 
2814 
28 1 
22-78 



-1955 





Rate of 




Decrease 




per 4 lb. 


£ 


£ 


1085 




1006 


29 


989 


17 


986 


.. 


984 


5 


968 


18 
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By plotting curves aa^bb (Fig. 246) for the rate of increase of charges and 
rate of decrease of coal costs respectively, we find that the most economical 
back pressure for the given conditions is about 1 J lbs., or 26*5 inches vacuum 
with a 30 inch barometer. 

Take another case in which the price of coal is 5s. per ton, the over-all 
evaporative power 7 lbs., and the load factor 11 per cent. 

Then we have as follows : — 



Back Pressure 
lbs. abs. 


Vacuum ins. 
(30" bar). 


Coal Cost 




Rate of 

Decrease of 

per 41b. 








£ 


£ 


H 


25 


1400 X -11 X 24-8 x6x'^^^^: 


= 622 


*•• 


2 


26 


28-68 


509 


18 


n 


27 


28-21 


499 


10 


H 


274 


28*14 


497 


... 


1 


28 


23 1 


496 


8 


i 


284 


22-78 


488 


9 



These rates of decrease are plotted on curve c c, Fig. 246. This curve does 
not intersect the curve a a at all, but lies considerably below it for the range 
of back pressures considered. Possibly an intersection occurs at 6 or 8 lb«. 
back pressure. ' 

In either case we see that, with conditions that are both within the range 
of common possibility, a demand for a very low back pressure in order merely 
to provide for a low steam consumption would not be financially sound. In 
fact, it is not at all easy to obtain legitimate conditions under which a back 
pressure of about 1 lb. (so frequently and indiscriminately demanded) can be 
made to pay adequately. The sharp rise in the coal economy at about 1 lb. 
pressure comes too late to be of any use, except under decidedly unusual 
conditions. The ascending portion of the * coal ' curve requires to be above 
the * charges ' curve, in order that the back pressure may be reduced to the 
lowest possible limits and be of material service thereby. 

It sometimes happens that the curves cross twice, in which case there are 
two economical back pressures. The adoption of the higher one will usually 
be the better course. 

In the course of the above examples the following observations and 
deductions will be made : — 

1. The less the price of coal, the less profitable is a low back pressure. 

2. The less the load factor of the unit, the less is the need for a low back 
pressure. 

3. The higher the steam consumption generally, the more profitable is a 
low back pressure. 

4. The higher the capital charges, the less profitable is a low back pressure. 

5. In the event of a condensing plant not appearing to be a profitable 
investment. Hie relative economies for non-condensing and condensing 
conditions require careful consideration. The difference in the size of turbine 
necessary to perform the same service now enters the problem. In theory it 
might also enter to a degree in a consideration of the relative economies at 
various low back pressures, but in commercial schemes this is hardly possible 
on account of various emergency conditions the unit must fulfil — such as 
partial failure of the vacuum, etc. 
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The generally higher thermo-djnamic efficiency of the reciprocating engine 
discussed in the previous section also enters into the problem, so that it 
becomes necessary to consider the relative economies of the two types of plant 
before arriving at a decision as to which is the more suitable for adoption. 

The above may be supplemented by the further points which may influence 
the decision. The steam consumption of a turbiiie cannot possibly improve 
with the working, although with some types it may not deteriorate much. 
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Fio. 246. 



been shown that a few 
enormous difference 



an 



m 



With turbines having dummy pistons it has 
thousandths difference in the clearances makes 
the steam consumption. 

The turbine condenser and low-pressure turbines are also subject to the 
risk that in the event of the high-pressure vanes stripping, which has 
happened with unfortunate frequency in type 4, the condenser and other 
low-pressure parts are likely to be subjected to the full steam pressure, result- 
ing in considerable danger unless provisiop is made for such an emergency. 

18 
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CHAPTER XVI. 
THE WHIRLING OF SHAFTS. 

Contents :— The Whirling of Rotating Shafting— Critical Velocity— Massleas Loaded Shaft 
— Oyerhung Shaft— Shaft Supported at both Ends—Shaft Fixed at both Ends- 
Example of Elementary Multi-Diso System — Speed of Turbinea 

THE WHIRLING OF ROTATING SHAFTING. - When a 

shaft at rest, supported between bearings, is released after a lateral displace- 
ment, it will vibrate with a frequency which we will call K, and which depends 
on the dimensions of the shaft and on its elasticity. 

If the shaft be rotating with an angular velocity oi, and be similarly 
disturbed, the frequency k of the vibration will not be the same as the 
frequency K when at rest, but will be less. 

The centrifugal forces arising from any displacement of the mass centre 
from the centre of rotation are opposed to the righting forces of the vibration, 
so that the shaft takes a longer time in moving from its extreme displacement 
to its central position — in other words, the frequency is decreased. 

Taking the simplest case of an unloaded shaft, it can be shown that 

^2=,K2-o)2 (1) 

As Q) increases k diminishes, and when o) » K the righting power vanishes 
altogether. When the shaft reaches this condition it is in danger of breaking 
if the speed is kept constant. 

We may thus imagine a shaft at rest emitting a certain note when struck 
somewhere in the middle, and that, as we rotate the shaft with a gradually 
increasing velocity, the note which it emits when struck periodically during 
this process becomes lower and lower, until finally the vibrations cease, and 
the shaft begins to whip or whirl in the same way as we may whirl a cord 
held at its extremities by the fingers. 

These general features hold for loaded shafts, although a complicated 
system of loading introduces more or less complicated nK)difications of the 
foregoing process. 

Therefore, in considering the eflFect of any disturbing forces that may 
act on a rotating shaft, what we have to look to is the frequency of the 
lateral vibrations of the shaft as reduced by the rotation. 

Dr Chree was apparently the first to point out the true nature of whirling 
phenomena.* 

CRITICAL VELOCITY.— The velocity at which whirling occurs 
is called the critical velocity. 



• Proe, Physical Soc., vol. xix. 
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When the shaft has a mass affixed to it, say a disc, as in Fig. 247, the 
phenomenon is the same, except that the mass, inertia, and position of the disc 
modify the numerical value of the critical velocity. 

In a horizontal system, when the centre of gravity of the mass does not 
coincide with the centre of the shaft — which is always the case in practice — 
we have a disturbing force in the system itself, instead of one externally 
applied as in the previous supposition. 

The applied disturbance also need not necessarily be a blow. In the case 
of a plain unloaded shaft the vibration is easily set up from the pulley and 
belt or other driving mechanism. In the case of a turbine disc, even if 
perfectly true, the action of the steam on the vanes is quite sufficient to set 
up the vibration. 
Let 

E = Young's modulus (4-32 x 10» lbs. per sq. ft.). 
p = density (500 lbs. per cub. ft). 
a « area of section (square feet). 
I » length of shaft (feet). 

Mj = mass of an applied weight ( — ). 

y = deflection of shaft (feet). 

<o = angular velocity (radians per sec). 

I = moment of inertia of shaft about a diameter perpendicular to 

the plane of bending. 
Ij = moment of inertia of an applied weight similarly taken. 
<o = critical angular velocity. 

A first approximation to the ascertainment of the critical velocity, in the 
case of elementary systems, may be made by using the common expression 
for the deflection of a beam or shaft. 

LOADED MASSLESS SHAFT.— Assume that in Fig. 247 the load 
— in the form of a thin disc — is not thrown appreciably out of square or its 
normal plane of rotation. 




247. 



Let D be the position of the centre of gravity of the disc, and CB the 
deflection of the shaft at some particular moment. 
Then, approximately, 

cPy Bending moment 

d^^ EI 

Therefore y=Pxc 

where P is the force applied and e a constant depending on the size of the 
shaft, and in the case of more than one bearing, on the type of those bearings. 
The centrifugal force of the rotating mass has to be balanced by P. 
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Therefore M^{y + a)<o^ = P = ?^ 

c 

whence y = - — ^=-=^—^ 

1 — cMjO)* 

At the speed of whirling // increases without limit, therefore 

l-cM,a» = 

J_ 

cM 

In the particular case of a plain cylindrical overhung shaft 

put y=l, then <5 = 3g^ 

3EI 
Therefore w^ = j^g . see (3) and (3a) and (36). 

A rapidly rotating system is fortunately provided with another aspect of 
the phenomenon of whirling whereby the amplitude of the whirl does not 
increase until the shaft breaks. It is found that if the speed be increased 
quickly, so that the critical velocity is of only passing influence, the whirl 
rapidly quietens down — so much so, in fact, that the stability of the system is 
in general greater than at speeds below the critical. 

Referring to Fig. 247, what appears to happen is that the centre of rotation 
of the shaft and of the centre of gravity of the disc exchange positions, so that 
D lies between C and B. At infinite speed D coincides with B, and the 
system becomes steadier as the speed increases. 

This is found to be generally true in practice. In the case of shafts 
supported in two bearings, and when the out-of-balance has been small, higher 
critical velocities have been observed corresponding to the harmonic division 
of the shaft. Their acuteness does not, however, appear to be of any 
practical consequence. 

From the foregoing it will be seen that it is necessary for the normal 
speed to be as remote from the critical speed as possible, and that, preferably, 
it should be above the critical speed rather than below. 

As previously mentioned, the De Laval shafts work at about seven times 
the critical speed, and are therefore well out of danger. 

The following expressions give the critical velocities in elementary cases, 
and these may, with a little careful selection and manipulation, be applied to 
most cases in practice. 

OVERHUNG SHAFT. — (a) Unloaded Shaft.— By the usual 
Bemouilli-Euler analysis. 



d 



or by the much simpler mathematical treatment evolved by Dr Chree, 

A:2 + 0)2 =12-46^, 
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The critical velocity occurs when.A;»0, so that 

FT 
««- 12-46^ (2a) 

(b) Loaded MassleSS Shaft — ^load at end. — The critical velocity is 
found from the rather complicated quadratic (Chree-Rayleigh) 

..„,,^^!M!.1J^)-12(|I)'.0 . . (3) 



c 



VTsmm' 



This is most conveniently solved by putting in the various numerical 
values of the coefficients at once. The negative root does not apply to the 
case. If the effect of I^ is small, as is generally the case, I^^ may be omitted, 
and we have, as a second approximation. 



^(■-1^) ■..•(-) 



3EV 



and as a first approximation, by omitting I^ altogether, 

"-^ w 

This is' identical with the expression obtained directly by the method of 
first approximations given on the previous page. 
{c) Loaded Massive Shaft— load at end. 



% 







By his simplified analysis Dr Chree obtains 

0^2 12-73EI 3EI 4EI • * • " ^^ 

Professor Dunkerley, by an extensive series of experiments on whirling 
shafts of elementary form, has devised a semi-empirical formula as follows : — 
Let (Ui be the critical velocity of the unloaded shaft (t.e. by (2) or (2a)). 
Let oio be the critical velocity of the loaded massless shaft (t.e. by (3), 

(3a), or (36)). 
Let Q> be the critical velocity of the system. 

Then i=— ,+ -, (5) 
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Applying this expression to (2) and (3a) we obtain 

a>2 12-36EI 3EI 4EI • ^ ^ 

which agrees very closely with (4). 

By Chree's analysis, when I^ is small the expression obtained is 

l=^?ie^+JMi-^y (46) 

a)« 12-46EI 3-2EI 9 EI ' ^ ^ 

SHAFT SUPPORTED AT BOTH ENDS.— («) Unloaded 
Shaft. — By the Euler-Bemouilli method 

co3- 97-41^^ (6) 



By Chree's analysis, 



ji2 = 97-55^, (6a) 

apit^ 



{h) Loaded Massless Shaft. — w^ is found from the quadratic (Chree- 
Bayleigh) 

«,..... { SE.M,(UJ)-,Kn.Q4)}^.9lBgjM' . („ 

This will be most conveniently solved for a particular example by insertmg 
the numerical values of the constants. 




As a second approximation, by neglecting I^^ we have 
and as a first approximation, by neglecting I^ altogether, 

^'-^^^ <^*> 

(c) Loaded Massive Shaft — By Dunkerley's formula (5) applied to 
(6) and (7a) we obtain 

a>2"97-41EI'^ 3E1/ 3EK * ^°^ 
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SHAFT FIXED AT BOTH ENDS.-{«) Unloaded Shaft- 
By the Euler-Bernouilli method Dunkerley obtains 



52 = 500-614 
apt* 



(9) 






and Chree, by his simpler method, 



EI 
"'-50V 



(9a) 



(b) Loaded Massless Shaft. — cu is found from the quadratic 
M,I,o.*+ { 4M,El(U 1)- 12EII,(1.4) } ^^l2{^)\Eir (10) 



g^^^^, 



ffyy^y^ 



?^?^ 



As a second approximation, by omitting I^^ 

And as a first approximation, 

^=M>3^ • • • 
(c) Loaded Massive Shaft.— From (5), (9), and (10a), 

cu2 500-6El"^ 3EK3 ""4 Ell^ 



. (10a) 



(106) 



(11) 



j^^m ■ 






■irWVri 



^ 



P^W 



a 



In all cases, the analysis shows that the general form of the equations is 

(A is in all the above expressions given for the critical velocity) 
and thus under suitable conditions it should be possible to obtain the critical 
velocity by observing the frequency (or note emitted when struck) of a system 
of shaft and weights when at rest, and at any arbitrary speed of rotation. 
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We have 
and 






Thus when k' = 0, the critical velocity is 



(12) 



Dunkerley extends the application of his formula to cases where there are 
a number of weights applied to the shaft. 

The critical velocity of such a system is given by 



^J o)j^ m^ CDj* 



• (13) 



where oij, ci>^ etc. are the critical velocities of the shaft considered as 
massless and with the weights severally applied, and o>i the critical velocity 
of the unloaded shaft as before. 

This formula is apparently the nearest mathematical approach of any 
practical degree of simplicity to the case of multi-disc turbines that has 
hitherto been evolved. 

Except in very special cases, the first approximations are quite accurate 
enough for practical purposes, being within 5, or at most 10 per cent, of 
the truth, which is often a great deal nearer than the data, from which the 
calculations are to be made, can themselves be obtained. 

The chief concern is whether the critical velocity is {e,g,) 300 or 3000 per 
minute; not whether it is 300 or 310. 

EXAMPLE OF ELEMENTARY MULTI-DISC SYSTEM. 
— Suppose the shaft to be 3 inches diameter and parallel, and to be provided 




with 20 discs, each weighing 50 lbs., and that the dimensions are as in the 
figure. 

Then E = 4-32xl00 

^ 32-2 

I = :?"r4= 1-92x10-^ 



3EK^3ja-32 X 10» x 1-92 x lO'^x 11 
Ml " " 1-55 



= 1762x10* 
For the unloaded shaft 

97-41EI 



apV' 



= 224-8x105 
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Taking in all cases the first approximations, that is, assuming that I| is of 
relatively small effect, and that the general error in balance is uniform and 
very small, the values of Wg, ^^ <«)4, etc. are symmetrically disposed, so that we 
need only calculate them for half the number of discs. 

The following particulars can thus be obtained : — 



No. of 
Disc 


a 


a* 


b 


6^ 


a2^ 


1762 X 10* 

- — sags— 


1,20 
2,19 
3,18 
4,17 
5,16 
6,15 
7, 14 
8,13 
9,12 
10, 11 


2'-4'' 
2'-8' 
S'-O" 
8'-4" 
8'-8" 
4'-0'' 
4'-4'' 
4'-8' 
S'-O" 
5'-4'' 


5-42 
7 1 
9-0 
IM 
13*4 
16-0 
18-8 
21-75 
25-0 
28-4 


8'-4" 
8'-0* 
7'-8" 
7'-4» 

r-or 

6'-8' 
6'-4' 
6'-0'' 
5'-8'' 


75-1 

69-4 

64 

68-8 

63-9 

49 

45-7 

40-1 

36 

32 


407 

492-5 

676 

653 

722-5 

786 

859 

872 

900 

908 


4-3 xlO* 
3-69 „ 
3-06 „ 
2-7 „ 
2-44 „ 
2-246 „ 
2-062 „ 
202 „ 
1-96 „ 
1-94 „ 


Mean 2-63 x 10* 



By Dunkerley's formula 



1 20 

2248 X 10^ ■*■ 2-63x104 
= 76 X 10-5 
(the critical velocity of the unloaded shaft is obviously negligible) 
<o2=1316, a) = 36-2 

36*2 

n = =5-77 revs, per second 

27r ^ 

or N = 346*2 revs, per minute 

A multi-disc turbine arranged according to the rough dimensions here taken 
would have a speed of about 2500 revolutions per minute. The working 
speed is therefore about seven times the critical speed. Taking second 
approximations instead of first, the critical W speed works out to about 
363 revolutions per minute — a trifling difference. 

As the critical velocity tOi of the unloaded shaft is quite negligible, 
it follows that the critical velocity of the shaft if stepped and swelled up in 
its middle portions is much more negligible. In very many cases this condi- 
tion of affairs fortunately holds good, and we do not have to go to the great 
labour of finding out the deflection for a shaft of varying diameter. If, 
however, this should be necessary, it may be pointed out that the only feasible 
method is by graphic construction, for which the reader is referred to books on 
graphic statics or applied mechanics. 
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CHAPTER XVII. 
SPEED OF TURBINES. 

Contents :— Speed of Turbo- Alternators and Djrnamos — Speed of Marine Turbines- 
Example— Table of Turbine Steamers. 

There is no general rule for the speed of revolution of the steam turbine. 

The most suitable speed for a given size of turbine is quickly ascertained 
by a few trial and error calculations. Leaving the simple geared turbine of 
the De Laval type out of the question, the best speed is controlled by three 
leading factors — the speed of the apparatus to be driven, the relative cost, and 
the internal resistance. 

TURBO-ALTERNATOR AND DYNAMO SPEEDS.-In 
the case of electric alternator driving, it is important to note that there 
are only certain speeds that can give a required periodicity. 

The general formula is 

minute = Periods (^) per second x 120 
number of poles 

Thus it is that the 50 periods per second (recommended by the Standards 
Committee), which is the most advantageous all-round periodicity, is decidedly 
inconvenient for some of the smaller size units. It gives a speed either much 
too high or much too low, the one involving unmanageably high speeds — if 
not always for the turbine, for the alternator — and the other involving either 
an enormous number of stages, or else high peripheral speeds and a prohibitive 
internal resistance in some types of turbine. 

For large size imits — 2000 kilowatt and more — the inconvenience is not so 
marked. 

The following table gives the only speeds admissible for a 50 period {^^^) 
alternator. 



Revolutions per 



No. of Poles. 


Revolutions per 
Minute. 


2 
4 
6 
8 

10 
12 
U 
16 


3000 
1500 
1000 
760 
600 
600 
428 
375 



282 



Digitized by 



Google 



SPEED OF TURBINES. 



283 



In Figs. 248, 249 are plotted the speeds of actual turbines, and the space 
between the extreme curves will give what may be termed the practical zone 
Or STieeds 

SPEED OF MARINE TURBINES.— For the marine turbine 
the speed should be as low as possible, on account of the difficulty in obtaining 
a high efficiency with fast running propellers. 

Matters are helped considerably by the advantageous system of multiple 



SJDOO 



4fi00 




1000 



ZOOO 3000 

Revs. PerMin, 



^OOO 



5000 



Fio. 248. — Speed of Parsons Turbines coupled to Electric Generators. 

propeller shafts — three being the usual number. The turbine is then split 
up into one high-pressure and two low-pressure units, and thus the very large 
total number of stages required to deal with the range of pressure and a low 
speed of revolution is somewhat disguised. 

In Fig. 250 are plotted approximate speeds for marine turbines of the 
Parsons type. This diagram shows that on the basis of horse-power alone 
previous practice is not a guide to a suitable speed for a marine turbine. 

The centre shaft need not necessarily rotate at the same speed as the port 
and starboard shafts, although it appears to be desirable that they should. 

Recent examples are as follows : — 
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Revolutions. 


Approz. 
Horse-power. 


Centre. 


Side. 


H.M.S. "Amethyst'' 
S.S. "Londonderry" 
S.S. "Manxman" . 


450 
670 
580 


500 
760 
610 


9800-14,000 
7000 
7000 



4000 



3000 



i 
^ 



2000 



1000 




1000 



WOO 
Revs, per min. 



3000 



Fio. 249.— Speed of Curtis Turbines coupled to Electric Generators. 

When the propellers are similar to each other and the intended power is 
therefore ahout equal, it does not appear to be an easy matter to induce the 
shafts to revolve at the same speed. The wake exerts a great influence in 
varying the efficiency of each propeller. In the three-shaft arrangement and 
with similar propellers the effect of the wake on the naturally unsymmetrical 
directions of rotation takes the form of a tendency for the wing shafts them- 
selves to rotate at a different speed. In the four-shaft arrangement the speed 
of the outer shafts likewise tends to differ from that of the inner shafts, 
according to peculiar circumstances. 

In tracing the rapid history of the marine turbine it is to be obseiTed that 
a considerable difference in the speed of the inner and outer shafts was 
arranged for in the earlier vessels, principally with the idea of keeping the 
diameter of the low-pressure turbines small. It was found, however, that the 
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sacrifice was being made at the wrong end, and that it was better to adopt 
larger propellers with a slower speed. The later designs therefore aim at 
having all the shafts to rotate at the same speed. 

Cavitation, or the formation of a vacuous space at the back of the pro- 
peller blades, due to the water not having time to follow up, is the great 
trouble with fast running propellers. The limiting tension at which the 
water can be torn asunder in this way seems to be about 12 lbs. per square 
inch at 12 inches immersion, that is to say, the water must not be thrust 
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Fio. 250. — Speed of Marine Turbines (Viot including ' Destroyers'). 
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&w&y from the propeller along the race with a greater pressure than about 1 2 
lbs. per square inch on a plane 1 2 inches below the surface. 

Given the thrust corresponding to the power and speed of the vessel, the 
propeller surface must be made large enough to satisfy the above condition. 

On the other hand, given a certain speed of revolution, the peripheral 
speed of the propeller may be so great in order to provide sufficient surface 
for the thrust that great disturbance or cavitation at the tips is with diffi- 
culty avoided. It is therefore important that the turbine speed shall be 
determined from the propeller data, and not vice versOy as is a common 
practice with reciprocating engines. 

The most favourable dimensions for turbine propellers have only been 
ascertained by costly and arduous experimenting, and even now the deter- 
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mination is indefinite. The mean working thrust taken over the whole of the 
propeller surface may be greater than 12 lbs. per square inch if a little cavi- 
tation at the tips, when at the top of the revolution, be permitted. 

Fig. 252 shows that 12 lbs. has been exceeded more often than not with 
turbine propellers. With reciprocating engines, 12 lbs. has rarely been 
exceeded. Nevertheless, with turbine propellers it is undesirable to adopt a 
high figure if it can possibly be avoided. 

The mean thrust also decreases with the increase m size of propeller, that 
is, generally, with the size and weight of the vessel, and about 5 to 6 lbs. is 
the minimum with either turbines or engines. 
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Fio. 261. — Speed of Turbine Propellers, 

Fig. 251 gives an idea of the most suitable peripheral speed of propeller, 
and Fig. 252 of a suitable mean thrust pressure per square inch when the top 
tip immersion is 12 inches. 

The ratio of projected area to disc area of propeller has, especially in light 
draught vessels, to be much greater than in reciprocating engine practice, 
although with a great increase in the size and power of the vessel the conditions 
of the two types of propulsion become more alike. A ratio of about '5 is a 
common value, '45 and *55 being the approximate limits. In any case it is 
undesirable to exceed '55. 

For propellers of average efficiency, the mean effective thrust is given 
approximately by the following formula 

T=260M:P:ib8. 
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where B.H.P. is the brake horse-power at the tail shaft, and E the speed of 
the ship in knots per hour. 

The B.H.P. is most profitably found from the resistance of a model of the 
vessel, but in the absence of this means the power must be estimated in the 
usual wa^. 

An example will illustrate the general procedure to be adopted in 
determining the speed of the turbines. 
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Fio. 252. — Propeller Thrust Pressure with Turbines. 

Example : — 

The estimated B.H.P. of turbines to propel a given vessel at 20 knots is 
15000,-5000 on each of three shafts. 



Then 



T = 260|^,65,0001bs. 



The class of vessel admits of the assumption of a peripheral speed of pro- 
peller of 8500 feet per minute. 
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Then by Fig. 252 the working mean thrust with the propeller tip 
immersed 12 inches is about 8 lbs. per square inch. 
The surface of the reference propeller is therefore 

65000 ^^,^ . ^ 

- — — -, = 56*5 square feet. 
8x144 

Assuming the ratio of P^^jected area ^ .^^ 
disc area 

56*5 
the reference disc area A, = — -— =125*7 square feet 

•45 

giving a diameter of 12*65 feet. 

In making the adjustment for the actual immersion of the propeller, it is 
best to refer to a constant peripheral speed. Thus the 8500 feet per minute 
selected above will be the speed of the actual as well as of the reference 
propeller. 

Let Ag be the disc area of the actual propeller and ^, //j the immersions 
of the centres. 

Then Ai(^ + 33) = A^(h^ + 33) 

From a preliminary design of the vessel it is estimated that the actual 
immersion /tg will be about 16 feet. 

Therefore A,^'-^^'4±^ 

^ 16 + 33 

= 103*5 square feet 

= 1 1 '5 feet diameter of propeller 

Revolutions = —-- = 235 per minute 

IT X 11*5 

In the earlier vessels, the difficulty of obtaining sufficient propeller surface 
was partially overcome by fitting multiple screws on the shafts, several vessels 
having 3 on each shaft. 

Progressive experience, short as it has been, has, however, shown that a 
better efficiency is to be obtained with single screws, and multiple screws are 
therefore only warranted under exceptional circumstances of power and 
draught of the vessel. 

The foregoing is not intended to deal effectively with the many peculi- 
arities and diversities of propeller design, but to indicate the method of 
arriving at the speed of the turbine. 

Table XIX., compiled by Mr E. M. Speakman,* gives particulars of marine 
turbine installations to date. 

* Proc. Inst, Enffineers and Shipbuilders in Scotland^ 1906. 



t Extra copies of Diagram A may be obtained on application to the Publishers, 
Charles Griffin k Co., Ltd. 
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TABLE XVIII. 
PROPERTIES OF SATURATED STEAM. 



AbMlute 

Premure 

lbt.per 

■q.tn. 


Temperature. 


Latent 
Heat. 


Specific 

Volume, or 

Volume of 

1 lb. in 

cub. feet. 


4baolnte 
Preeaure 


Temperatare. 


Lateut 
Heat. 


Specific 

Volume, or 

Volume of 

1 lb. in 

enb. feel 


(Fahr. 


r AbMlute. 


fFtthr. 


r AbMlute. 


•6 

1-0 
1-6 
20 
2*5 
8-0 

8-6 

40 

4*5 

5 

6-5 

6 


80 
102 
118*2 
126-9 
186*8 
142*2 


541 
563 
579 2 
587-9 
696-8 

AAOtA 


1058 

1042*5 

1082-6 

1025 

1019-1 

1 At J .e 


640 
885 
225 
172 
189 
118 


62 
64 
66 
68 
60 


288*5 

286 

288*6 

290*5 

292*6 


744*6 

747 

749*5 

761*6 

768*6 


915*2 

913-6 

912 

910-4 

908*9 


8*11 
7*83 
7-57 
7-32 
7-09 


DUO A 1 XVA« \» 


62 
64 
66 
68 
70 


294-6 

297 

299 

801 

808 


756-6 

768 

760 

762 

764 


907*2 
905-7 
904-2 
902*9 
901*4 


6*88 
6*67 
6-47 
6*28 
6*11 


148*2 

158*5 

158*5 

168 

166*8 

170*2 


609*2 1010 
614-5 I 1006-4 
619*5 1 1008-1 
624 < 1000 
627*8 997-3 
631*2 994-8 
1 


101*8 
89-6 
81 
78-5 
67-2 
62 


72 
74 
76 
78 
80 


305 

306-5 

308*5 

810 

812 


766 

767-5 

769*5 

771 

778 


900 

898*5 

897*2 

896 

894*7 


5*96 
6*81 
5*67 
5*58 
6*4 


6-6 

7 

8 

9 

10 


178*5 

176*6 

182*6 

188 

192*8 


684-5 

687*6 

648-6 

649 

653*8 


992*5 

990*2 

986 

982*4 

979 


67-7 

53*7 

47 

42 

88 


82 
84 
86 
88 
90 


318*5 

815 

817 

318*5 

320 


774-5 

776 

778 

779-5 

781 


893*6 

892*4 

891 

889*9 

888*8 


6-27 
6*15 
6-04 
4-94 
4-84 


11 
12 
18 
14 
15 


197-4 
201-7 
206-6 
209-8 
212-8 


658-4 
662-7 
666*6 
670*8 
673-8 


976*7 
972-7 
969*8 
967*8 
965-6 


84*7 

82 

29*8 

27*8 

26 


92 
94 
96 
98 
100 


821 "5 

323*5 

325 

826*5 

827*5 


782-6 

784*5 

786 

787*5 

788-6 


887*7 
886*6 
885-6 
884*4 
883-4 


474 
4*64 
4*65 
4*47 
4*89 


16 
17 
18 
19 
20 


216 
219 
222 
225 
227*5 


677 
680 
688 
686 

688-6 


9681 

961 

958*6 

966*7 

954*6 


24-5 
28-2 
21*9 
20-8 
19*9 


105 
110 
115 
120 
126 


381 

834*5 

888 

841 

844 


792 

795*5 

799 

802 

806 


881 

878*6 

876-4 

874 

872 


4-19 

4-01 

8-85 

3-7 

3*57 


21 
22 
23 
24 
25 


280 

282*5 

285 

237*5 

240 


691 

693*5 

696 

698-5 

701 


952*8 

951 

949*2 

947*5 

946-9 


19*0 
18*2 
17*5 
16*8 
16-1 


180 
136 
140 
146 
160 


847 
850 
868 
856 
858-6 


808 
811 
814 
817 
819*6 


869-7 
866*6 
866*6 
863*7 
861-7 


8*44 

3*32 

3*2 

3*1 

3*01 


26 
27 
28 
29 
80 


242*5 
244-5 
246*5 
248*5 
250*6 


708-6 
706*6 
707-6 
709*5 
711*5 


944-3 

943 

941*6 

940*2 

938-8 


15*6 

16-0 

14*5 

14 

13-6 


166 
160 
165 
170 
176 


360*5 

368 

366 

868-5 

870-5 


821-5 

824 

827 

829*5 

831-5 


869*9 

858 

856*2 

864-6 
852-7 

861 

849*4 

847*8 

846*2 

844-7 


2*92 
2-84 
2*76 
2-68 
2-6 


82 
84 
86 
38 
40 


254 

257*5 

261 

264 

267 


716 

718*5 

722 

725 

728 


936*2 

933*7 

931*3 

929 

926*6 


12-8 
12*1 
11*6 
10-9 
10-4 


180 
185 
190 
195 
200 


378 

375 

377 

379*5 

381*5 


834 

886 

838 

840*5 

842*6 


2-58 
2*47 
2*41 
2*86 
2*80 


42 
44 
46 
48 
50 


270 

278 

276 

278*5 

281 


781 

784 

737 

789*5 

742 


924-6 
922-6 
920*7 
918*9 
917 


9*92 

9-49 

9*1 

8*74 

8-41 


205 
210 
215 
220 
226 


888*5 
385*5 
387-6 
389*6 
391-6 


844*5 
846-6 
848*6 
860*6 
852-5 


848*1 
841-7 
840-2 
888*8 
837-4 


2-25 

2*20 

2*15 

2*1 

2*05 



For iDtermediate values at low pressureB refer to folded diagrams. 
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TABLE 


XIX.— TURBINE STEAMERS.- 


- 


DATB. 


VESSEL. 


SERVICE. 


OWNER. 


BUILDER. 


Length. 


Beam. 


Depth. 


T 


1894 ) 










ft. In. 


ft. in. 


ft. in. 




Rebuilt S- 

1896 1 


Tarbinla 


Experimental 


C. A. Parsons 


C. A. Parsons 


100 


9 






1900 


King Edward 


Pleasure steamer 


Turbine Steamers, Ltd. 


Denny Brothers 


250 


80 


10 6 




1901 


Queen Alexandra 


Ditto 


Ditto 


Ditto 


270 


82 


11 6 




1898 


Viper 


Torpedo-boat destroyer 


Royal Navy 


Hawthorn, Leslie, dit Co. 


210 


21 


12 9 




1896 


Cobra 


Ditto 


Ditto 


Armstrong, Whitworth, 
Hawthorn, Leslie, <& Co. 


228 


20 6 


18 6 




1908 


Velox 


Ditto 


Ditto 


210 


21 


12 9 




1904 


Eden 


Ditto 


Ditto 


Ditto 


220 


28 6 


14 3 




1905 


Coastal destroyers 


Ditto 


Ditto 


Thornycroft, Yarrow, 
and White 


176 








1906 


Ocean-going 
destroyers 


Ditto 


Ditto 


Laird, Thornycroft, 
.Armstrong, White, and 
Hawthorn, Leslie, & Co. 


260 




•- 




















1906 


Experimental 
destroyers 


Ditto 


Ditto 




820 


•• 


■• 




1903 


Tarantula 


Steam-yacht 


W. K. Vanderbilt 


Yarrow 


152 6 


16 8 


8 4 




190S 


Lorena 


Ditto 


A. L. Barbour 


Ramage A Ferguson 


263 


88 8 


20 4 


1908 


Emerald 


Ditto 


Sir C. Fumess 


Stephen & Sons 


198 


28 7 


18 6 


1906 


Albion 


Ditto 


SirO.Newnes 


Swan <ft Hunter 


270 


84 






1905 


Kardssus 


Ditto 


A. E. Mundy 


Fairfield 


246 


27 6 


16' 3 




1906 


Royal Yaoht 
Manroussah 


Ditto 


H.M. King Edward 


A.<feJ.Inglis 


810 








1906 


Ditto 


The Khedive of Egypt 


A. <ft J. Inglis 
(rebuilding) 


400 


42" 


26' 6 




1908 


The Queen 


Channel steamer •[ 


South-Eastem and Chat- 
ham Railway Company 
London, Brighton, and 

South Coast Railway Co. 


Denny Brothers 


810 


40 


26 




1908 


Brighton 


Ditto { 


Ditto 


280 


84 


22 




1904 


Princess Maud 


Ditto 


Stranraer and Larne 
Service 


Ditto 


800 


40 


24 6 




1904 


Londonderry 


Ditto -[ 


MidUnd RaUway Com- 
pany 


I Ditto 


380 


42 


25 6 




1904 




Ditto 


Ditto 


Vickers Sons (ft Maxim 


880 


48 


26 6 




1906 


Viking 


Ditto 


Isle of Man Steamship 

Company 
South-Eastem and Chat- 


Armstrong, Whitworth, 
Denny Brothers 


360 


42 


17 3 




1906 


Onward 


Ditto 


310 


40 


25 1 








ham Railway Company 
London, Brighton, and 








J 


1905 


Dieppe 


Ditto 


Fairfield 


280 


84 8 


14 6 ' 








South Coast Railway Co. 










1906 


,, 


Ditto 


0. ^ J. Burns 


Ditto 






1 


1905 


•• 


Ditto 


Oreat Western Railway 
Company 


John Brown it Co. 
and Laird <ft Co. 


860' 


40*0 


•• 




1906 


Princess Elizabeth 


Ditto 


Belgian Government 


Cockerill 


350 


40 






1906 




Ditto 


Hamburg Heligoland 


Vulcan Company 


800 


88 


]] 




1904 


Lhassa 


Persian Ouir to India; 
Intermediate 


Steamship Company 

British India Steamship 

Company 


Denny Brothers 


276 


44 


25 6 




1904 


Loongana 


Inter-Colonial Service, 
Tasmania— Melbourne 


Union Steamship Com- 
pany of New Zealand 


Ditto 


800 


43 


25 




1904 


Turbiuia II. 


Pleasure steamer ; Lake 

Ontario 

Inter-Colonial 


Turbine Steamship 

Company 

Union Steamship Com- 


Hawthorn, Leslie, <ft Co. 


200 


38 


20 9 




1906 


Maheno 


Denny Brothers 


400 


50 


83 6 










pany of New Zealand 












1905 


Bingera 


Australian Passenger 




Workman and Clarke 


300 


, 






1906 


Victorian 


Atlantic Intermediate 


Allan Steamship Com- 


Ditto 


640 


60 


42*6 




1905 


Cannania 


Atlantic Mail 




John Brown <ft Co. 


672 6 


72 


62 




1904 


New Cunarders 


Ditto 


Ditto 


John Brown & Co. and 
Swan & Hunter 


760 


88 






1904 


Amethyst 


Third-class cruiser 


Royal Navy «[ 


Armstrong. Whit- \ 
worth, « Co. / 


360 


40 






1906 


Lubeck 


Ditto 


German Navy 
United States Navy 


Vulcan Company 
Bath Iron Works 


341 


43 3 




1906 


Salem 


Scout cruiser 


420 


46 8 






1906 


Chester 


Ditto 


Ditto 


Fore River 8. «fc E. Co. 


420 


46 8 


.. 




1905 


Dreadnought 


Battleship 


Royal Navy 


Portsmouth Dockyard 




.. 






1905 


Orion class 


Armoured cruisers 


Ditto 


Ditto 




.. 








No. 248 


Experimental torpedo- 
boat 


French Navy 


Soci^t^ des F. and C. 
Mediterrante 




•• 




.. 


LibeUnle 


Ditto 


Ditto 


Ditto 




1 1 


1908 


Caroline 


Ditto 


Ditto 


Yarrow 


152 6 


15 3 ' 8 4, 


1904 


No. 293 


Torpedo-boat 


Ditto 


Normand 


126 


14 . 


1904 


No. 294 


Ditto 


Ditto 


Ditto 


126 


14 


.. 


1906 


S. 126 


Torpedo-boat destroyer 




Schichau 


200 28 


•• 1 




Revolution 


Experimental steam- 


Curtis Marine Turbine 


. . 


140 17 


! 






yaclit 


Company 











Note. 



t On trial. 
-Also projected two vessels for the Great Central Railway Company, two for the Allan Steamship Compaay, 



GENERAL DIMENSIONS AND DATA. 







Equlva- 
lint. 


Number 


Serewi 


Bevolutioni 


BoUer 


Dis- 


Propeller 
Diameter. 




Draught. 


Speed. 


of 
ShAfto. 


s£«ft. 


Minute. 


Pree. 
sure. 


place- 
ment. 


BEMA&KS. 


ft. In. 


knots 


I.H.P. 








lb. 


tons 


ft. in. 




8 


82 


2,000 




8 


2800 


210 


46 


1 6 


Only one screw, 28 in. in diameter, now 
fitted to each shaft. 


6 


20.48 


8,600 


» { 


1 Centre 

2 Wing 


606 0. \ 
760 W. / 


160 


700 


<v*| 


Put in service July 1901. 


e 6 


2L48 


4,400 




/ 750C. \ 
t 1090 W. / 


160 


900 


Put in service July 1902. Very largely 
used for experimental trials. 


9 


86.68 


18,000 






1180 


240 


890 


8 4 


Launched Sept. 6, 1890. Ean ashore, 
and lost, during naval manoeuvres in 
1901. Trials made in 1900. 


7 8 


80.8 


10,000 






1050 


240 


460 


2 9 


Sank at sea in Sept. 1901. 


7 8 


27.1 


7,000 






890 


240 


440 


4 


Sedprocating cruising engines on Inner 
shafU, 7i in., 11 in., and 16 in. In dia- 




































- 


meter, with a 9 in. stroke ; 490 r.p.m. 


8 8 


26.2 


7,600 






940 


260 


570 


8 8 


Launched February 1902. 




26.0 


8,600 






1200 


220 


226 


8 


Twelve buUdlng. 


•• 


88.0 


16,000 






700 


220 


800 


6 


Five building. 




86.0 


28.000 






600 


260 


1,600 


7 




5 


26.86 


2,200 






^^ > 


226 


146 




One 3-f t. screw now fitted to each shaft. 


18 


18.02 


8,800 






/ 660C. \ 
\ 700W. / 


180 


1,400 


{ti"§} 






16.0 


1,400 






900 


160 


900 








16.0 


1,800 








160 


1,250 






•• 


14.6 


1,260 






650 


160 


782 


•• 


Only twin- 
screw Parsons installation. 




18 


4,000 










2,800 








18 


6,500 








150 


8,100 


,, 


In process of conversion from paddle en- 
gines to turbines. Vessel buUt in 1866 
by Samuda. 






































10 


21.78 


8,600 






/ 480C. \ 
\ 600W. / 


160 




{tu 


Screws originally arranged as in King 
Bdward ; 18 knots astern speed. 


9 


21.6 


6,000 






/ 480C. \ 
1 610 W. / 


160 


1,200 






10 e 


20.7 


6,600 






600 


150 


1,750 


5 


Bow rudder fitted. 
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See Bngineering, August 18, 1906. 
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Curtis turbines. 
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Also Virghilan. built by Stephen & Sons. 
Weight saved by adopting turbines. 
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See Bngineering, November 18, 1904. 


10 e 


22t 


10,000 








8,200 






16 9 


24 


16,000 






500 


250 


8,750 


6 6 




10 9 


24 


16,000 








260 


8.750 




Curtis turbine. 


., 


21 


28,U00 






8(M 


250 


18,000 


9*8 






S4 


28,000 








250 






Designs still under consideration. 
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/ Bateau turbines. See Transactions of 
y the Institution of Naval Architects, 
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Brequet turbines. 
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} Designed, 
two for the ICetropolitan Steamship Company (New Vork and Boston service), and various 
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Absolute back pressure, 246. 

path of stream, 182. 

pressure barometer, 247. 
Aoiabatic equations, 28, 29. 
Area of nozzles, 46, 121, 159, 161. 

yane passages, 187, 169. 

Balance pistons, and glands, leakage, 168. 

or drums, 99, 101. 
Barometer, absolute pressure, 247. 

and vacuum, 246. 
Bearing, elastic, 96, 98, 101. 

footstep, 89. 
Bemouilli's theorem, 7. 
Bibbins, various data by, 246. 
Buckets, closed, 8, 120. 

Cavitation, 286. 

Centrifugal pressure of steam, 10, 47, 62. 

stresses in discs, etc., 189. 

water seal, 1 64. 
Choking in vane passages, 116. 
Clearance in Fullagar turbine, 106, 106. 

Parsons, 99, 104. 

Rateau, 77, 78. 

Stumpf, 75. 

leakage, effect of, type 1, 125. 
type 8, 149. 
type 4, 161. 

dummies and glands, 168. 
Closed buckets, 8, 116. 
Coal costs for superheating, 252. 

various vacua, 271. 
Composition of vanes, 65, 83, 94, 99. 
Compound reaction turbines, 62, 151. 

turbines, 67, 76. 
Compounding for pressure, 57. 

velocity, 60. 

with single wheel, 85. 
Consumption of auxiliaries, 246. 

steam (table), 256. 

Terry turbine, 85. 

Theoretical steam, 45. 
Condensing, economics of, 269. 

plant, relative cost of, 246. 
Cook parallel flow turbine, 21. 
Cooling water, 245. 

lubricating oil, 90, 104. 
Coupling. 104, 238. 



Critical pressure, 84, 85. 
speed, 176. 
velocity, disc friction, 176. 

of shafting, torsional, 236. 

of shafting, whirling, 274. 

of stepped shafts, 281. 

of steam, 86. 
Curtis turbine, 22, 88, 148. 
governing, 218, 226. 
vanes, 178. 



Damping of pressure oscillations, 54. 
De Laval impulse turbine, 21, 67. 
turbine, steam consumption, 267, 264. 
governing, 212, 218. 
governor, 225. 
nozzles, 48. 
reaction turbine, 24. 
Definition of a turbine, 2. 
Diagram efficiency, 8, 109, 155. 
Discharge from nozzles, 41, 46. 

maximum, 44. 
Disc friction, 175. 
coefficients for air, 177. 

steam, 179. 
in Rateau turbine, 79. 
vacuum, 225. 
Disc, stresses in flat solid, 192. 
in perforated, 204. 
in uniform, 197. 
Disc, solid, flaws in, 205. 

strength of rotating, 81, 188. 
Displacement, variable, of rotor, 281. 
Divergence of nozzles, 48. 
Double motion turbines, 106. 
Drowned vanes, 16. 
Dirness and wetness of steam, 65. 
fraction, 28, 82. 
variation during expansion, 28. 
in vane passages, 124. 
Drum, diameters, type 4>, 162. 
balance of, 99, 101. 
stages on a given stepped, 154. 
stresses in, 206. 
Dummy or balance pistons, 99, 101, 106. 

leakage, 163. 
Dunkerley's formula for critical velocity 
of whirling, 277. 
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Economical vacaum, 270. 
Bconomics of condensing, 269. 
Efficiency, diagram, 8, 109, 147, 165. 
electro-thenno-dynamio, 266. 
experiment, 4. 
maximum observed, 7, 71. 
of deflecting surfaces, 6. 
jet impact, 3. 
nozzles, 81, 48. 
Pelton wheels, 71. 
rectangular nozzles, 48. 
typ« h 118. 
type 2, 140, 147. 
type 8, 149. 
type 4, 156. 
thermo-dynamic, 265. 
Electric govern ors, 226. 

drivine, speed, 282. 
Electro-tnermo-dynamic efficiency, 266. 
Elastic bearings, 95, 98, 101. 
Energy, kinetic, of steam, 26, 40. 

loss of, in vane passages. 111. 
Erosion of vanes, 64. 

Errors introduced by practical conditions, 
type 1, 128. 
type 2, 149. 
tyi>e 8, 149. 
Expansion of turbine case, 106, 165. 
Experiments, on discharge from nozzles, 40. 
on disc friction, Lewicli's, 177, 178. 
Odell's. 176. 
Stodola's, 177. 
on pressure oscillations, in nozzles, 87. 
in vane passages, 50. 
outside nozzles, 89, 51. 
to ascertain moment of inertia, 240. 
vane losses, 112. 



Factob of safety, rotating discs, 78, 207. 

Ferranti*8 imnulse turbine, 21. 

Flaws in solid discs, 205, 207. 

Flow of steam, in Parsons turbine, 68, 158. 

resisted, 81. 

unresisted, 26. 
Flywheel effect, 281. 
Footstep bearing, 89. 
Forced lubrication, 90, 96. 
Fracture of rotating discs, 206. 
Friction, disc, 175. 

vane. 111. 
or ventilating, 177. 
Frictional loss on vanes, 111. 

coefficients, 112. 
Fullagar turbine, type 1, 79. 

type 4, 104. 
Fullagar's leakage bafflers, 79, 170. 



Gases, flow of, 26. 

Glands, Parsons, 97, 101, 102, 248. 

Governing by throttling, 210. 

periodic admission, 222. 

variable admission, 217 



Governing devices, throttling, 210. 

of Curtis turbines, 98. 

Parsons turbines, 98, 99, 228. 

steam turbines, 208. 
Governor, Curtis, 226. 

De Laval, 225. 

electric, 98, 99, 226. 

Parsons, 98, 99, 228. 

valve, Rateau, 217. 

variation of speed, 280. 

Zoelly, 225. 



Hkat, effect of variation of, 165. 

specific, superheated steam, 29, 88, 182. 
Hero's reaction turbine, 28. 
Historical notes on turbines, 18. 



Impact, or shock, losses, 8, 117. 

wheels, 18. 
£eal and Pichon's, 22. 
Impulse turbine, definition, 11, 18, 18. 

compound, 57. 

De Laval, 21, 67. 

Ferranti, 22. 

Perrigault, 20. 

Pilbrow, 18. 

simple, 55. 

Wilson, 19. 
Impulse and reaction, distinctions, 11. 

turbines, distinction, 16, 55. 

combined, 57. 

mixed, 62. 
Impulsive pressure on vanes, 2, 5, 6, 14. 
Indicator diagrams. Parsons steamchest, 

224. 
Inertia of rotor, 289. 
Internal combustion method, 24. 
Isotropy of material, 188. 



Jointing material, 101. 



Kinetic energy of steam, 26, 40. 



Lead, 180, 148. 
Leakage, 77. 

prevention of, 85, 86, 96, 99. 

m type 1, 125. 
type 8, 149. 
type 4, 161. 

past dummies and glands, 99, 168, 
166. 
Lenffth of vanes, 128, 158. 
Load factor, 269. 
Losses, by shock, 8, 117. 

in open buckets, 120. 

in vane passages, 111, 116, 186. 

sources of, 111. 

vane, type 2, 8, 147. 
Lubrication, 79, 90, 96, 104. 
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Marine tarbine speeds, 288. 
Material for discs, 207. 

vanes, 65. 

isotropy of, 188. 
Moment of inertia of rotor, 240. 
Momentary variation of speed, 280. 
Multi-disc system, example of elementary, 
280. 



Napibb on velocity of steam, 26. 
Nozzles, area of neck or throat, 46, 121, 
159, 161. 

Curtis, 98. 

De Laval, 69. 

divergence of, 48. 

efficiency of, 81, 82, 88, 84, 48. 

energy loss in, 82. 

neck of, 85. 

resisted flow through, 81. 

square and rectangular, 48, 47. 

Stodola*s experiments with, 86. 

Stumpf, 75. 

unresisted flow through, 26. 

Wilson's experiments with, 89. 
Number of stages, comparisons, 64. 

type 1,59, 120. 

type 2, 60, 188. 

type 3, 62. 

type 4, 68, 154, 156. 



Odbll's experiments on disc friction, 176. 
Open vanes, or buckets, 8, 71, 118. 
Oscillations of pressure, in jets, etc. , 88, 48, 
50. 
in vane passages, 50. 
torsional, of shafting, 286. 



Pabsons turbine, developments of, 96-103. 

double motion, 108. 

original, 94. 

efficiency of, 267. 

speed of, 288. 

steam consumption, (table), 256, 
under superneat, 249. 

type 1, 77. 
Parsons periodic governor, 98, 222, 228. 

vacuum augmentor, 244. 

vanes, area, pitch, etc., 159. 
construction, 99, 167, 168, 169, 171. 
leakage past, 161. 
Path of steam through vane passages, 128, 

182. 
Pelton wheel, 71. 

Bateau, 71. 

Stumpf, 78. 
Periodic admission, governing by, 222. 

governor, 98, 222, 229. 

governing and flywheel effect, 281. 
Peripheral speed, 67, 78, 94. 
Pemgault's imnulse turbine, 20. 
Pilbrow's impulse turbine, IS. 



Pitch of vanes, type 4, 161. 
Poisson's ratio, 189. 
Pressure action, 2. 
Pressure, critical, 34. 

fall of, in turbine, 228. 

on plane surface, 2. 

osculations in vane passages, 50. 

turbine, graduated, 57. 



Ramsbottom rings in glands, 102, 164. 
Rateau, compouna turbine, 77. 
low-pressure turbine, efficiency, 36, 257. 
nozzle experiments, 48. 
Pelton wheel, 71. 
Reaction, 9. 
degree of, 13. 
turbine, compound, 62. 
De Laval, 25. 
description of, and distinctions, 11, 18, 

16. 
Hero, 28. 
James Watt, 23. 
mixed impulse and, 62. 
pure, 10, 55. 
Toumaire, 22. 
Von Rathen, 24. 
Wilson, 25. 
Real and Pichon impact wheels, 23. 
Reciprocating engine and steam consump- 
tions, 258. 
superheat, 249-251. 
turbine, 266-269. 
vacuum, 241. 
Residual velocity, disposal of, 110, 111, 128, 

129. 
Resistance, disc, 175. 

vane, 177. 
Resisted flow through nozzles, etc. , 81. 
Riedler-Stumpf compound turbine, 84, 86. 

simple turbme, 78. 
Rosenhain. nozzle experiments, 86, 39. 
Rotating disc, supposed uniformly stressed, 
197. 
discs, strength of, 188. 
ellipsoid, stresses in, 196. 
flat disc, stresses in, 192. 
ring, stresses in, 206. 
Rotor, moment of inertia of, 240. 



Scotch Barker mill, 25. 
Seger double motion turbine, 108. 
Shaft whirling, case of, fixed at both ends 
229. 

loaded, massless, 275. 

overhung, 276. 

support^ at both ends, 278. 
Shafts, whirling of, 275. 
Shafting, torsional oscillations of, 286. 
Shock, or impact losses, 3, 117. 
Shroudings, perforated, 206. 
Specific heat of superheated steam, 29, 182. 

curve for use, 186. 
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Specific Yolume of superheated steam, 187. 
Speed, critical, 176. 
of Curtis turbines, 284. 
De Layal turbines, 67. 
marine turbines, 285. 
Parsons turbines, 283. 
turbines, 282. 
turbo-alternators, 282. 
variable, in turbine, 86. 
variation in governing, 280. 
SpUling, 6, 65, 147. 
Square or rectangular nozzles, 48, 47. 
Stages, number of in type 1, 59, 120. 
type 2, 60, 140. 
type 8, 62, 149. 
type 4, 68,154, 156. 
Steam and water turbines, distinctions, 16, 

17. 
Steam, centrifugal effect of, 47. 
consumption curve, 209. 
of moKlem reciprocating engines (Table), 

258. 
of turbines, 241. 
table of, 256. 
type 2 (Terry), 85. 
with superheat, 249. 
saturated, properties of, 289. 
specific heat of superheated, 182. 

volume of superheated, 187. 
spilling, 6, 65, 147. 
total heat of, 27. 
velocity of, 26. 
wetness of, 65. 
Stodola, experiments with discs, 177. 

nozzles, 36. 
Stream lines or trajectory, 132. 
Strength of rotating discs, 188. 
Stresses in flat solid disc, 192. 
perforated disc, 204. 
rotating bodies, 188. 
thin ring, 206. 
Stuffing boxes or glands, 97, 101. 
Stumpf, compHOund turbine, 84, 86. 

simple turbine, 78. 
Superheat, measurement of, 253. 
Superheated steam and Curtis turbines, 
183. 
specific heat, 182. 
volume, 187. 
Superheaters, 251. 
Superheating, effect of, 248. 



Tapkr of nozzles, 43. 
Terry turbine, 85. 
Thermometer fittings, 254. 

position of, 253. 
Thermometry, 258. 
Thermo-dynamic efficiency, 265. 
Throttling, governing by, 210-217. 

devices, 225. 
Thrust, longitudinal, 79. 

mean effective, 286. 
Thrust-block, 104. 



Time of pressure drop in turbine, 223. 
Torsional oscillations of shafts, 286. 
Toumaire's turbine, 22. 
Trajectory of stream in vane passages, 182. 
Turbine, definition of, 2. 
steamers, table of, 290. 
vanes, making and fitting, 167. 
Turbines, double motion, 106. 
efficisncy of type 1, 118. 
type 2, 140, 147. 
type 8, 149. 
type 4, 155. 
impulse, 18. 
marine, speed of, 283. 
practical, compound, 76, 
open vane, 71. 
simple impulse, 67. 
reaction, 13, 23. 
steam consumption, 241. 
sneed of, 288. 

tnermo-dynamic efficiency, 265. 
types of, 55. 
unpulse and reaction, 57. 
combined velocity and pressure, 60. 
compound impulse, 57. 

reaction, 62. 
graduated pressure, 57. 
paduated velocity, 60. 
mipulse, 13, 55. 

mixed impcdse and reaction, 13, 62. 
pure reaction, 55. 



Vaoitum auffmentor, 244. 
and variable load, 248. 
cooling water for, 245. 
economical, 270. 
effect of, 241. 
Vane erosion, 64. 
friction. 111, 176. 
losses. 111, 147. 
passages, area through, type 1, 128. 

type 2, 143. 

type 4, 159. 

loss of energy in, 111. 

pressure oscillations in, 50. 
resistance, 177. 

coefficients for air, 178. 
steam, 179. 
Vanes, composition of, 65, 99. 
construction and fitting, 167-174. 
Curtis, 94, 173. 
De Laval, 167. 
Fagerstrom, 173. 
Fullagar, 167, 171, 172, 174. 
length of, 123, 143. 
mathematical shape of, 130, 188. 
Parsons, 99, 167, 168, 169, 171. 
pitch of, type 4, 161. 
Rateau, 171. 
risk in stripping, 278. 
Schmidt, 168. 
Seger, 167, 168. 
Stoney, 169. 
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Vanes, thioknees of, 128, 137, 147. 

Zoelly, 81, 88, 178. 
Vaiisble admission, goyerning by, 217. 

speed torbine, Stnmpf system, 86. 
Variation of speed in goyerning, 

280. 
Velocity, dii^pram, fundamental, 12. 
of steam, 26. 
issuing from nozzles, actual, 88, 84. 
critical, 86. 

theoretical, 28, 29, 80, 45. 
of whirl, 12. 
Velocity, residual or waste, 110, 111. 

yariation of rotor, 281. 
Ventilating yane passages, 9. 
Vibration of shafts, lateral, 274. 
torsional, 286. 



Wateb and steam turbines, distinctions, 16, 

17. 
Water in nozzles, 47. 

yane passages, 47. 
Water-sealed glands, etc., 164. 
Watfs turbine, 28. 
Wetness, relatiye, in turbines, 65. 
Whirl, yelocity of, 12. 
Whirling of shafts, 274. 
Willan*s line, 209. 
Wilson's experiments on yelocity of steam, 26. 

impulse turbine, 19. 

reaction, 24. 
Work done, adiabatic expansion, 29. 

Zoelly turbine, 79. 
steam consumption, 257, 268. 
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